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Aging is a process fundamentally different from those studied by most scientists. 
Whereas in the course of most scientific inquiry, engineers or scientists attempt to create order 
or elucidate how its complexity arises, aging is the study of precisely the opposite. How order 
decays, how and with what efficacy it resists the decay, where its decay deviates from chaos 
and stochasticity; these are the core questions of aging. In the following work, I look at the 
intersection of aging, the auditory system, and metabolism.  
The first section of this work deals with aging in the auditory system, the most salient 
and defining feature of which is hearing loss. Although hearing loss may be primary, hearing 
requires central brain structures, not just the ear. These central structures are themselves 
sensitive to the process of aging and their attempts to compensate for peripheral loss combined 
with their own changes are not always successful in maintaining proper hearing. Our work 
attempts to disentangle the effects of hearing loss and age on a specific brain region, the 
auditory cortex, by using a brain slice preparation which partially isolates it from the potential 
influences of other auditory structures. We show through a combination of electrical activation, 
flavoprotein imaging, and redox imaging, that the levels of inhibition and rate-level functions are 
altered in the auditory cortex with age and that these differences were not likely due to 
differences in brain slice health. We also found that the primary driver of this effect was 
chronological age rather than hearing.  
The second study examines a highly conspicuous effect of an increase in redox potential 
in particular regions of the hippocampus in old animals which was noticed quite by accident in 
the first study and which ultimately prevented blinding by age group. We quantify this effect and 
show its specificity not only between brain areas, but to certain regions of the hippocampus. We 
then look at the association between it and other metrics that may be related to aging such as 
hearing ability, cortical thickness, and body weight to see if these other metrics, which may 
incorporate some level of information relating to internal health status, can predict redox status 
in the brain. We found that in old animals with lower body weights, the redox potential in their 
hippocampi is elevated beyond their chronological age.  
In our final study, we again treated the redox potential in the hippocampus as a marker 
of aging in the brain and used it to test if increased mitochondrial dysfunction would accelerate 
brain aging.  The mitochondrial theory of aging has been a predominating model for decades 
and hypothesizes a common metabolic cause to all aging processes.  The PolG mouse model 
was created by earlier investigators to test this hypothesis by generating an increased rate of 
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mitochondrial DNA mutations, resulting in increased and diffuse mitochondrial dysfunction. This 
model ultimately showed an advanced aging phenotype with many defining features of aging 
such as hearing, weight, and hair loss and a lifespan approximately half that of normal animals. 
Since few if any indicators had been examined in the brain of this model, we chose to look at 
the redox status in the hippocampus as a marker of brain aging to assess whether brain aging 
in this model was commensurate with body aging. We show that although PolG mice undergo 
weight loss and splenic enlargement, preceding early death, as previously discovered, their rate 
and level of brain aging as measured by hippocampal redox status and other indicators of 
aging, is not accelerated. Along these metrics, PolG mice look exactly like their wild-type 
counterparts with no evidence at all of advanced aging. These results suggest that different 
tissues of the body may not have the same sensitivity to increasing mitochondrial DNA mutation 
load, specifically that the brain may have a lower sensitivity, which may be contrary to a base 
assumption that most investigators might have. 
 These studies in many ways rediscover the well-known difficulties of studying the 
various processes of aging, which mostly tend to change together. Nevertheless, all the studies 
show the powerful effect of simple chronological age across a wide range of variables. The final 
study shows, however, that it is possible to separate certain processes of aging and specifically 
test certain hypothesis. Taken with other results in the PolG model of aging, we show that aging 
processes driven ultimately by increased mitochondrial mutation rates may be differentially 
reflected in different tissues of the body. Specifically, the brain may, in fact, be less sensitive to 
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CHAPTER 1: INTRODUCTION 
 




Scientists seek to articulate the order of the universe. Biological scientists study life, the 
highest expression of order, and aging, life's slow return to the chaos of death and decay.  The 
study of aging, therefore, is an attempt to discover, characterize, and express any maladaptive 
yet nevertheless ordered, processes in the dissolution of life. 
 The first evolutionary biologist to offer a theory of aging was August Weismann who 
argued that “organisms must inevitably show a decline analogous to that of mechanical devices, 
designed by natural selection to eliminate the old, and therefore worn-out, members of the 
population in order to make room for the young” (Williams 1957). 
 However, such theories, although seemingly sensible, had serious mechanistic flaws 
from the perspective of evolutionary theory. PG Medawar pointed out the core flaw of this line of 
thought and a partial solution: few if any individuals die of some automatic death mechanism, 
the nearly exclusive source of reduced reproductive success with age being the death of 
organisms due to extrinsic mortality such as predation or injury. Any lethal mutation before 
reproduction would have a profound effect, but this effect would decline precipitously after the 
animal reproduced. With very few older individuals being alive to reproduce, there was a 
“selection shadow” at older ages, with relatively little or no selection occurring in older 
individuals. Therefore mutations with late deleterious effects were not selected against, and 
accumulated in a stochastic manner (Medawar 1952). Huntington’s disease is thought to occur 
in this manner (Kirkwood 1977; Kirkwood and Austad 2000). 
Perhaps the most famous evolutionary theory of aging is “antagonistic pleiotropy” 
proposed by GC Williams in 1957. The paper makes several important logical postulates but its 
core proposal is fairly simple. If it is true that the same gene can have net positive effects on 
fitness early in life and net negative effects later in life, evolution can ‘actively’ select for genes 
with deleterious effects. This is due to the lower evolutionary pressure at later ages from fewer 
individuals remaining due to extrinsic mortality. Finally, any establishment of a senescence gene 
would be opposed by favorable selection to reduce or delay its effects. Other modern 
adaptations of these theories such as the disposable soma and triage theory of aging, tend to 
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focus on the tradeoff of allocating resources toward repair of the organism and to energy 
expenditure for the sake of immediate survival (Kirkwood 1977). 
Indeed, it seems that how energy is allocated, for reproduction, repair, or immediate 
survival/ competition, is the central question of life and, accordingly, death (Ames 2006). Finally, 
I make special note that no current theory of aging suggests that there would be a single cause 
of aging, but rather that there definitely should not be, largely due to the stochastic nature of 
mutations that accumulate late in life and that evolution would act to eliminate the earliest 
expressing and most damaging first (Williams 1957). 
Aging is particularly difficult to study as virtually all aspects of biology change with age, 
and chronological age and biological age are very highly correlated.  The resulting collinearities 
make traditional statistical analyses difficult, particularly with small sample sizes and multiple 
measured indicators.  Even results of single molecular interventions may be hopelessly 
confounded.  
 
Deviations from evolutionary theory as starting points in anti-aging research 
 
 Note that according to these aforementioned theories, a single ‘senescence gene’ cause 
of aging is virtually impossible. However early studies of mono vs dizygotic twins suggested that 
monozygotic twins had approximately half the difference in mortality of dizygotic twins, 
suggesting a strong genetic component (Kallmann and Sander 1948).  There is no reason to 
preclude the idea that a single gene mutation could, in fact, accelerate aging, as any source of 
damage may have widespread effects.  However, although these mutations shorten lifespan 
and cause disease, they do not resemble aging in every regard. The opposite effect, for a single 
gene mutation or intervention to extend life significantly, is far more profound and unexpected. 
 Attempts to extend life and, particularly, healthspan should begin by understanding how 
any single factor might extend lifespan. Despite evolutionary theory, single gene mutations that 
extend lifespan have been found and appear to all be involved in the control of metabolism, 
usually at the level of regulatory proteins. The most ubiquitous is the insulin-like-growth factor-1 
gene family. Long-lived mice, such as Snell, Ames, GHRKO and "little mice" all share similar 
effects through the growth hormone pathway. There are also associated enhancements: DNA 
base excision repair, anti-apoptotic actions, elevated antioxidant capacity and reduced 
susceptibility to cancer (Bartke 2011), again suggesting a necessary association of these traits. 
In C. elegans the insulin-dependent mutants which extend lifespan include daf-2, daf 16 and 




Energetic origins of aging: mitochondrial aging 
  
 Mitochondria are thought to be the common denominator in many pathways involved in 
aging (Guarente 2008; Guarente, Partridge et al. 2008).  Without the energy produced by 
mitochondria, all life comes to a halt; but this process of energy generation comes at a cost: 
continuous damage to all parts of the cell from free radical oxidation. 
 Under normal circumstances, mitochondrial reactive oxygen species (ROS) are thought 
to have an important role in communication between the mitochondria and the nucleus. 
However, ROS can also oxidize and damage cellular lipids, proteins, and nucleic acids. This 
toxic aspect of mitochondrial ROS production becomes accentuated when the electron transport 
chain (ETC) becomes excessively reduced. 
  Over-reduction of the ETC resulting from any number of causes such as excess dietary 
calories, hypoxia, or mDNA mutation all cause increased mitochondrial ROS production. 
(Wallace 1994; Wallace, Shoffner et al. 1995).  In these instances, the excess electrons 
accumulate in the electron carriers and stimulate the transfer of electrons to dioxygen (O2), 
increasing superoxide (O2-) production. Superoxide anion is highly reactive, but it can be 
detoxified by the mitochondrial manganese superoxide dismutase (MnSOD) to generate 
hydrogen peroxide (H2O2).  Superoxide can also attack the citric acid cycle enzyme aconitase, 
poisoning energy metabolism, and releasing potentially toxic iron in the process. Hydrogen 
peroxide is relatively stable. However, in the presence of reduced transition metals, it can be 
further reduced to hydroxyl radical (OH·) which is the most reactive ROS. H2O2 can be reduced 
to H2O by glutathione peroxidase (GPx1) or converted to H2O and O2 by catalase. 
 Aging mitochondria produce superoxide anion and hydrogen peroxide at increased rates 
compared to younger mitochondria (Sohal, Agarwal et al. 1994; Lass, Sohal et al. 1998). All the 
while, levels of endogenous anti-oxidant molecules diminish with aging (Rebrin, Kamzalov et al. 
2003; Rebrin, Forster et al. 2007). Levels of enzymes of the tricarboxylic acid cycle (Yarian, 
Toroser et al. 2006), enzymes that convert ketone bodies to acetyl-coenzyme A (Lam, Yin et al. 
2009), as well as the functioning of the electron transport chain (Beckman and Ames 1998; 
Kwong and Sohal 2000; Navarro and Boveris 2004; Navarro and Boveris 2006; Navarro and 
Boveris 2007; Navarro, López-Cepero et al. 2008), all diminish with aging. As damage from 
ROS accumulates in the form of mutations in both nuclear and (especially) more proximal 
mitochondrial DNA (mDNA), the critical proteins involved in oxidative phosphorylation 
(OXPHOS) become increasingly mutated and inefficient.  In the brain, these mDNA mutations 
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increase exponentially with time, rising sharply at middle age (Vermulst, Bielas et al. 2007). 
Levels of enzymes of the tricarboxylic acid cycle (Yarian, Toroser et al. 2006), enzymes that 
convert ketone bodies to acetyl-coenzyme A (Lam, Yin et al. 2009), as well as the functioning of 
the electron transport chain (Beckman and Ames 1998; Kwong and Sohal 2000; Navarro and 
Boveris 2004; Navarro and Boveris 2006; Navarro and Boveris 2007; Navarro, López-Cepero et 
al. 2008), all diminish with aging. Loss of electron transport function also diminishes the 
mitochondrial inner membrane potential (Sastre, Millan et al. 1998; LaFrance, Brustovetsky et 
al. 2005). Finally, in addition to the aging-related changes in mitochondrial function described 
above, the ability to generate new mitochondria declines with aging. Levels of the main 
enzymatic regulator of mitochondrial biogenesis, peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha (PGC1α), decline with age (Hepple, Baker et al. 2006). This drop in 
PGC1α, in addition to leading to a decline in mitochondrial function, makes cells more 
vulnerable to exogenous metabolic stressors, such as MPTP and kainic acid (Cui, Jeong et al. 
2006; St-Pierre, Drori et al. 2006) and overexpression of PGC1α protects vulnerable tissue from 




  Ultimately, when signals of cell stress (lowered membrane potential, ROS levels) 
become too high, mitochondria release their contents into the cytosol via the mitochondrial 
permeability transition pore (mPTP), triggering programmed cell death, or ‘apoptosis’ (Kalogeris, 
Baines et al. ; Ham and Raju 2017).  As this process increases with age and the body loses the 
ability to regenerate as cells approach a senescent state, additional tissue dysfunction and the 
symptoms of aging result (Wallace 1992; Trifunovic, Wredenberg et al. 2004; Trifunovic and 
Larsson 2008).  Implicit in any theory of aging involving progressive mitochondrial dysfunction is 
that any tissue with a high metabolic rate and no ability to regenerate, such as the brain, would 
be particularly sensitive to mitochondrial-mediated aging.  Although random in nature, mDNA 
mutations are neither trivial nor limited to general senescence free of definable pathological 
illness.  Rather, mutations have distinct effects and appear highly implicated in certain 
“spontaneous” neurodegenerative disorders.  Certain mDNA mutations (T414G) are highly 
prevalent (65%) in Alzheimer’s dementia patients (AD), but absent in controls (Coskun, Beal et 
al. 2004).  mDNA mutations are also prevalent in the substantia nigra, where degeneration 
results in Parkinson’s disease (Bender, Krishnan et al. 2006; Kraytsberg, Kudryavtseva et al. 
2006). Interest has also gained in the role of mitochondrial dysfunction in non-aging related 
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pathology such as autism spectrum disorders (Rossignol and Frye 2012). Ultimately, 
mitochondrial health likely combines with chance factors and genetic inheritance to affect the 
likelihood of various age-related brain disorders.  
 
Aging in the auditory system 
 
 Aging-related hearing loss or ‘presbycusis' is the third most prevalent condition in older 
Americans (Yueh, Shapiro et al. 2003). Epidemiological studies suggest that the incidence of 
aging-related hearing loss and its significant companion, loss of speech understanding, doubles 
with every decade of life, affecting 30% of the US population aged 65 to 74 years, and 50% of 
the population over 75 years of age (Lin, Thorpe et al. 2011). Age-related hearing loss is 
socially debilitating, decreasing the quality of life and leading to social isolation and depression 
in a substantial number of elderly individuals (Dalton, Cruickshanks et al. 2003). Furthermore, 
although not definitive, some studies suggest that failure to correct hearing loss may accelerate 
cognitive decline (Lin, Ferrucci et al. 2011). Although individuals may benefit from hearing aids, 
even with hearing aids, older individuals have more difficulty in real life, multi-talker situations 
(Humes 2007).    
The temporal precision necessary for auditory function makes it unique among sensory 
systems, and the various mechanisms of aging, even if ultimately universal at their core, may 
have unique functional consequences in the aging auditory brain.  Aging-related auditory 
dysfunction can be separated into peripheral sensory or central cognitive. Loss of sensory input 
may come from direct insult from noise exposure causing the death of inner and outer hair cells 
due to mechanical damage. However, the most common cause of aging-related peripheral 
hearing loss is dysfunction of the stria vascularis (Gates and Mills 2005; Bao and Ohlemiller 
2010; Bao and Ohlemiller 2010), which is the most metabolically active structure in the inner ear 
(Marcus, Thalmann et al. 1978; Marcus, Thalmann et al. 1978).      
       
Cognitive aging in the auditory system 
 
 Central auditory processing deficits may arise from a general inability to suppress 
distracting information found during normal cognitive aging and higher level cortical dysfunction 
not directly related to hearing loss (Gazzaley and D'Esposito 2007; Gazzaley, Clapp et al. 2008; 
Healey, Campbell et al. 2008; Harris, Dubno et al. 2009; Schmitz, Cheng et al. 2010; McNab, 
Zeidman et al. 2015)  In the central auditory system, a number of aging-related changes have 
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been identified at virtually every level of processing, from the cochlear nucleus to the auditory 
cortex (Willott, Parham et al. 1991; Willott, Aitkin et al. 1993; Mendelson and Ricketts 2001; 
Palombi, Backoff et al. 2001; Turner, Hughes et al. 2005; Frisina and Walton 2006; 
Parthasarathy and Bartlett 2011; Engle and Recanzone 2012).  
  A leading hypothesis is that changes in inhibition brought about by homeostatic plasticity 
attempting to enhance the decreased signal from the ear interfere with sensitive aspects of 
timing and rate/level functions across the auditory system (Banay-Schwartz, Lajtha et al. 1989; 
Milbrandt, Albin et al. 1994; Milbrandt, Holder et al. 2000; Ling, Hughes et al. 2005; Schatteman, 
Hughes et al. 2008).  Changes in inhibition are not simply due to losses of GABAergic neurons, 
but include changes in the subunit makeup of GABAA receptors and loss of GABAB 
autoreceptors (Milbrandt, Albin et al. 1994; Milbrandt, Hunter et al. 1997; Caspary, Holder et al. 
1999). 
 Functionally, these changes disrupt the high levels of inhibition believed necessary for 
the tight temporal tolerances essential for processing auditory signals (Schatteman, Hughes et 
al. 2008). For example, temporal accuracy is necessary to use binaural cues to enable 
separation of relevant communication signals from irrelevant background distractors (Eddins 
and Hall 2010; Ozmeral, Eddins et al. 2016). Human psychoacoustic studies have shown age-
related binaural deficits negatively impact signal detection under a number of different listening 
conditions (Eddins and Hall 2010; Pichora-Fuller, Alain et al. 2017). 
 Single unit recordings from aged cartwheel cells in rat dorsal cochlear nucleus showed 
significantly higher thresholds, modestly increased spontaneous activity, and significantly 
altered rate-level functions characterized by hyperexcitability at higher intensities (Caspary, 
Hughes et al. 2006). Aged fusiform cells in the cochlear nucleus showed significantly elevated 
characteristic frequency (CF) thresholds, increased spontaneous activity, and higher driven 
rates at supra-threshold intensities and a reduced ability to accurately code rapidly time varying 
signals such as speech, a hallmark of age-related hearing loss (Pichora-Fuller and Souza 2003; 
Pichora-Fuller, Schneider et al. 2007; Schatteman, Hughes et al. 2008). 
 Although some authors have speculated that central auditory dysfunction is a 
consequence of peripheral deafferentation and maladaptive plasticity (Wang, Brozoski et al. 
2011), clinical data suggest that such maladaptive plastic changes tend to only occur in the 
aged brain (Teunisse, Cruysberg et al. 1995; Hoffman and Reed 2004; Werhagen, Budh et al. 
2004). In fact, the decreases in synaptic inhibition identified in the aging auditory system by our 
group and others (Banay-Schwartz, Lajtha et al. 1989; Milbrandt, Albin et al. 1994; Milbrandt, 
Holder et al. 2000; Ling, Hughes et al. 2005; Lim, Stebbings et al. 2015; Stebbings, Choi et al. 
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2016) may, in part, be related to the high metabolic demands of inhibitory neurons relative to 
their excitatory counterparts (Kann, Papageorgiou et al. 2014). These findings suggest that a 
combination of deafferentation-related plastic changes and aging-related metabolic factors 
conspire to produce changes in central auditory function with aging. This is particularly a 
problem when looking at higher level areas such as the auditory cortex, whose responses, even 
at the earliest latencies, are still dependent and inherited by all the lower structures that provide 
its input. 
 
Selection of species for auditory system study 
 
 Several species of animals including monkeys, gerbils, rats, bats, guinea pigs, 
chinchillas, and mice are used in auditory research and each has advantages. Due to the 
shorter lifespan, cost of aging, and availability, rodents are the animal of choice for aging 
studies. Although ubiquitous in research, mice likely have hearing the least similar to humans, 
overlapping over only about three octaves (∼2.5–20 kHz), with non-overlapping ranges 
extending roughly seven octaves lower in humans and two octaves higher in mice. Thus, it may 
be difficult to decide which cochlear regions in mice and humans are appropriate for comparison 
(Ohlemiller 2006).  Gerbils and rats have considerably better low frequency hearing than mice, 
and many strains have been used for auditory research (Gratton and Schulte 1995; Gratton, 
Smyth et al. 1995; Boettcher, Mills et al. 1996; Boettcher, Mills et al. 1996; Gratton, Schmiedt et 
al. 1996; Syka 2010).  
  In mice, aging studies tend to focus on two mouse strains in particular: C57BL/6J and 
CBA/CaJ.  Despite having a normal lifespan, C57BL/6J mice show early onset presbycusis due 
to a mutation in cadherin 23 (Johnson, Erway et al. 1997),  However, the majority of 
commercially-available genetically-modified mouse lines are made on a C57BL/6J background, 
meaning that many studies of auditory function are still performed in this mouse. The CBA/CaJ 
strain shows mild progressive age-related hearing loss across the lifespan (Hunter and Willott 
1987; Willott, Parham et al. 1991; Parham, Sun et al. 1999). They are also the only strain which 
shows a decline in the endocochlear potential, considered to be the primary cause of 
presbycusis in humans (Ohlemiller, Dahl et al. 2010). Both strains of mice are used in the 
studies described herein, and justification for each will be described as appropriate. 
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Methods introduction: Using flavoprotein metabolic imaging to characterize 
mitochondrial brain aging (Figure 1.1) 
 
 Every cell has two primary energy-carrying molecules that ultimately generate ATP, 
FADH2, and NADH (reducing equivalents), and which store high energy electrons and ultimately 
deliver protons to the electron transport chain in the mitochondria.  Fortuitously, oxidized FAD 
and reduced NADH both naturally fluoresce while their conjugates, FADH2 and NAD, do not. 
This difference allows fluorescence imaging to assess the metabolic state of tissue.  FAD is 
more often used than NADH due to its stronger signal and ability to be imaged in deeper 
tissues.  As neurons or other cells consume energy, reduced FADH2 is oxidized to FAD creating 
a temporary increase in the fluorescence of FAD (rising phase), subsequent regeneration back 
to FADH2 requires energy and characterizes the falling phase of the response (Husson, Mallik et 
al. 2007).  This type of imaging is known as flavoprotein imaging and our laboratory has used it 
extensively in the past to map neural connections in brain slices and assess the metabolic state 
of certain regions of the brain with age. An index known as the redox ratio can be derived by 
dividing fluorescence values of FAD and NADH, because the FAD is oxidized and the NADH is 
reduced this ratio is a highly sensitive metric of redox status that has been used in many 
biological tissues and preparations (Ranji, Jaggard et al. 2006; Matsubara, Ranji et al. 2010; 




Figure 1.1: Oxidized FAD and reduced NADH are endogenously fluorescent under Blue and 
UV light respectively. Dividing images taken with these 2 illuminations yields an image with high 
spatial resolution of the redox potential of various brain regions. Scale bar and all subsequent 
scale bars are 1mm.  
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1.2. SUMMARY OF CHAPTERS 
 
Chapter 2. Aging-related changes in GABAergic inhibition in mouse auditory cortex 
  
 My first study attempted to isolate the effects of aging on the thalamocortical synapse 
from changes in cortical responses due to changes in the lower structures which provide its 
input (Zettel, Frisina et al. 1997; Jacobson, Kim et al. 2003; Sha, Kanicki et al. 2008; 
Parthasarathy, Datta et al. 2014) . To do this, we employed a brain slice preparation in which 
afferent fibers from the auditory thalamus are partially preserved and can be stimulated in 
isolation of subnuclei to produce responses in the auditory cortex (AC) (Cruikshank, Rose et al. 
2002; Connors and Cruikshank 2007; Takesian, Kotak et al. 2012).  For the purposes of 
assessing thalamocortical inhibition, we decided to utilize animals in the CBA/CaJ model due to 
the similarities in its aging process to humans and because the small size of the mouse brain 
allowed us to capture the bulk of the auditory thalamocortical projection in a single 600µm slice.  
 AC activation was measured using flavoprotein autofluorescence, which permits the 
measurement of neural activity with high sensitivity and spatial resolution, without the potentially 
confounding factors present when using exogenous dyes, such as differential uptake or dye 
toxicity which may further differ in aged tissue (Shibuki, Hishida et al. 2003; Llano, Theyel et al. 
2009).  Given the evidence for aging-related GABAergic changes, we employed a blocker of 
GABAA receptors (SR95531) in our test procedures.  To measure potential changes in the redox 
state of tissue from aged animals, as well as to monitor slice health, we measured the redox 
potential of the tissue at various time points during the experiment which had previously been 
shown to reflect tissue health (Mayevsky 1984; Gerich, Funke et al. 2009; Matsubara, Ranji et 
al. 2010). The results of this study showed a difference in the sensitivity to the SR95531 in the 
auditory cortex of old and young animals as well as in the baseline stimulus current response 
relationship. The redox potential measured in the auditory cortex, however, was not different 
between the two groups, suggesting that our results were not necessarily due to a difference in 
redox metabolism in old vs young tissue (Stebbings, Choi et al. 2016).  However, in the cells of 
the CA3 and CA2 region of the hippocampus, a very noticeable difference in redox potential 
was found, and characterization of this change constituted our next study.   
11 
 
Chapter 3. Hippocampal redox state as an index of aging and its relationship to 
secondary indicators of aging 
  
 Changes in memory function associated with changes in hippocampal structure and 
function do occur during aging (Golomb, Kluger et al. 1994; Persson, Nyberg et al. 2006). Given 
the metabolic components which may underlie peripheral and central hearing loss, we 
attempted to examine the relationships between aging, peripheral hearing loss, and oxidative 
stress in the hippocampus in an animal model.  To do this we employed single photon imaging 
of FAD and NADH, the ratio of which is a sensitive metric of the redox state of tissue. 
We also measured the redox state of the tissue in two auditory structures, the auditory 
cortex, and the auditory thalamus.  We attempted to characterize the association of 
hippocampal redox state with other age-related measures such as hearing loss, cortical 
thickness and body weight. We found almost linear associations with the hippocampal redox 
status, in the CA3 and CA2 regions predominantly, but no age-related associations in the 
auditory cortex or thalamus or dentate gyrus.  We also found that this effect was due almost 
entirely to a change in the FAD signal and not to the signal from NADH.  Further, age, hearing 
loss, hippocampal and cortical thickness were all highly correlated with the hippocampal redox 
potential and did not significantly contribute over age alone in multivariate models.  Weight, 
however, which was not correlated with the hippocampal redox potential, did independently 
contribute to the prediction of the redox potential, largely due to its particular predictive power in 
within the old group of animals, with lighter older animals having a more oxidized (more aged) 
hippocampal redox potential. Weight was also powerfully correlated with hearing loss in old 
animals but not in young suggesting that it may be a particularly informative variable to measure 
at the end of life in old animals. 
 
Chapter 4. Examining the role of mitochondrial DNA mutations in brain aging; changes in 
redox status and lipofuscin concentrations with age in brain tissues of wildtype and PolG 
mice  
 
 The brain does not age homogeneously, and etiologies of aging-related damage are 
varied.  Approaches are needed which both identify aging regions, beginning with the most 
sensitive, and which elucidate the specific mechanisms underlying their decline.  The goal of 
Chapter 4 is to examine the specific role of mitochondrial DNA mutations in brain aging using 
the PolG mouse model in the same hippocampal regions identified by their sensitivity in Chapter 
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3. PolG animals only exist in the C57BL6/J strain and so this strain was used throughout the 
experiments.   
 One of the reasons to investigate the role of mitochondria in aging is that they may be 
potential targets for genetic enhancement via the growing resources available for gene editing 
(Gammage, Moraes et al. 2017). Endogenous mechanisms for mitochondrial regeneration also 
exist and can be triggered by exercise.   
 The PolG mouse was created by earlier investigators to test the mitochondrial theory of 
aging. The mouse is named for DNA polymerase γ, a DNA polymerase which exclusively 
transcribes the mitochondrial genome (Kaguni 2004). In the PolG model of aging the 
proofreading region was mutated so that mice would accumulate mitochondrial DNA mutations, 
hypothetically resulting in mitochondrial dysfunction. Ultimately, the mice aged prematurely and 
showed several phenotypic traits along with premature death, such as hair loss, weight loss, 
kyphosis, increased rates of apoptosis and several organ dysfunctions including heart 
enlargement (Trifunovic, Wredenberg et al. 2004; Kujoth, Hiona et al. 2005).    
 PolG mice have already shown some promise in the reversibility of their aging 
phenotype in response to exercise. Forced exercise reverses many of the accelerated aging 
phenotypes while also returning mitochondrial DNA mutation load to normal levels (Safdar, 
Bourgeois et al. 2011). Freewheel running may also induce such positive changes, even in 
peripheral places such as the auditory system. A recent study in CBA/CAJ mice showed that 
exercise in the form of freewheel running can protect against aging-related hearing loss at least 
at some frequencies of hearing (8 & 16 kHz) (Han, Ding et al. 2016). The authors suggested 
that forced treadmill running is likely to provide additional benefits, given the greater metabolic 
adaptations induced by this intervention (Noble, Moraska et al. 1999).  Explorations of 
changes in the brain are very limited and include only measures of weight and apoptosis, which 
show minimal declines in the case of the former and no changes in the case of the latter 
(Kujoth, Hiona et al. 2005; Safdar, Bourgeois et al. 2011). Given that unlike many of the tissues 
with obvious phenotypic changes, the brain is post-mitotic, the effects of mitochondrial 
dysfunction could differ dramatically. We hypothesized that due to the multitude of aging-related 
changes seen in the PolG model that brain would be subject to accelerated aging as other 
areas were and the rate of this aging should be in proportion to the shortened lifespan of PolG 
mice. 
 The first goal of this study was to look at the same index of brain aging (hippocampal 
redox ratio, used in Chapter 2) in PolG mice across a range of ages, and in comparison with 
controls, to determine if changes with aging were different. We also looked at other indices that 
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may measure both aging and health status (body weight and spleen weight), to see if they might 
contribute information that might predict hippocampal redox ratio beyond that of chronological 
age. Given that the redox potential may, in fact, be a result of damage encountered during the 
slicing procedure, we also sought an aging metric which would be as independent as possible 
from any effect of the procedure itself. Lipofuscin granules accumulate continuously with age, 
are broadly fluorescent, and highly resilient to any form of degradation -ipso facto- why they 
accumulate in the first place (Mann and Yates 1974; Nakano and Gotoh 1992; Croce and 
Bottiroli 2014). We measured lipofuscin accumulation as an index of aging as well as presumed 
ROS stress across the lifetime.  
 Contrary to expectation, we found no detectable increase in hippocampal redox potential 
in PolG mice relative to wildtype mice of the same age and no increase in lipofuscin granule 
accumulation. Thus, at least within the parameters measured, PolG mice do not appear to have 
accelerated aging in the brain as they do in other areas of the body.  Ultimately, these results 
may suggest that the brain is less sensitive to mitochondrial based aging based specifically in 
increased mitochondrial DNA mutation rate. 
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CHAPTER 2: AGING-RELATED CHANGES IN GABAERGIC INHIBITION IN MOUSE 





 To examine aging-related changes in the earliest stages of auditory cortical processing, 
population auditory cortical responses to thalamic afferent stimulation were studied in brain 
slices obtained from young and aged CBA/CAj mice (up to 28 months of age). Cortical 
responses were measured using flavoprotein autofluorescence imaging, and aging-related 
changes in inhibition were assessed by measuring the sensitivity of these responses to 
blockade of GABAA receptors using bath-applied SR95531. The maximum auditory cortical 
response to afferent stimulation was not different between young and aged animals under 
control conditions, but responses to afferent stimulation in aged animals showed a significantly 
lower sensitivity to GABA blockade with SR95531. Cortical thickness, but not hearing loss, 
improved the prediction of all imaging variables when combined with age, particularly sensitivity 
to GABA blockade for the maximum response. To determine if the observed differences 
between slices from young and aged animals were due to differences in slice health, the redox 
state in the auditory cortex was assessed by measuring the FAD/NADH ratio using fluorescence 
imaging. We found that this ratio is highly sensitive to known redox stressors such as H2O2 and 
NaCN; however, no difference was found between young and aged animals. By using a new 
approach to quantitatively assess pharmacological sensitivity of population-level cortical 
responses to afferent stimulation, these data demonstrate that auditory cortical inhibition 
diminishes with aging. Further, these data establish a significant relationship between cortical 
thickness and GABAergic sensitivity, which had not previously been observed in an animal 







 Hearing loss is the third most prevalent chronic condition in older Americans (Yueh, 
Shapiro et al. 2003). Despite great strides in the amelioration of aging-related hearing loss 
through the use of peripheral hearing aids, older adults often continue to have substantial 
difficulty in real life, multi-talker, situations (Humes 2007). These continuing difficulties may arise 
from a general inability to suppress distracting information found during normal cognitive aging 
(Gazzaley and D'Esposito 2007; Gazzaley, Clapp et al. 2008; Fan, Stebbings et al. 2015). 
Consistent with this hypothesis is a large body of animal literature showing that synaptic 
inhibitory mechanisms in the auditory system are particularly vulnerable to aging (Gutierrez, 
Khan et al. 1994; Ling, Hughes et al. 2005; Burianova, Ouda et al. 2009; Schmidt, Redecker et 
al. 2010). In part, these changes in central inhibition may reflect a compensatory, homeostatic 
response to the decreased peripheral sensory input common with age (Caspary, Ling et al. 
2008; Norena 2011; Baxter, Smith et al. 2015; Baxter, Hale et al. 2015). 
 Changes in molecular and electrophysiological inhibitory properties have been found at 
multiple levels of the aging auditory system. The aging cochlear nuclei show lower glycine levels 
and altered glycine receptor subunit compositions (Banay-Schwartz, Lajtha et al. 1989). 
Functional changes include a loss of on-characteristic frequency inhibition and altered temporal 
responses (Caspary, Schatteman et al. 2005; Caspary, Hughes et al. 2006). The inferior 
colliculus shows declines of glutamic acid decarboxylase (GAD) and GABA levels, as well as 
reduced levels of GABA release (Milbrandt, Albin et al. 1994; Milbrandt, Holder et al. 2000). This 
decrease in inhibition may be the cause of the decreased response latencies and increased 
spontaneous activity, seen in the aged inferior colliculi of mice (Simon, Frisina et al. 2004; 
Longenecker and Galazyuk 2011). The auditory cortex (AC) shows declines in both mRNA and 
protein expression of GAD, as well as changes in wild-type receptor proportions with aging 
(Ling, Hughes et al. 2005; Lim, Stebbings et al. 2015). These changes may contribute to layer-
specific increases in spontaneous activity seen disproportionately in the upper layers of primary 
AC and which are consistent with molecular data showing a disproportionate loss of GAD levels 
in the supragranular layers of rat primary AC (Ling, Hughes et al. 2005; Hughes, Turner et al. 
2010).  
 Due to the highly interconnected nature of structures at all levels of the auditory system, 
it is particularly difficult to know the origin of the above-described changes seen with aging. In 
the AC in particular, it is unclear if the changes seen with aging are due to the degraded 
16 
 
peripheral hearing apparatus or due to a combination of this and resulting changes in the 
various nuclei that provide its input.  
 To isolate the effects of aging on the thalamocortical synapse from changes in cortical 
responses simply related to aging-related changes in peripheral input (Parthasarathy, Datta et 
al. 2014;Cooper, Eeles et al. 2015; Cortes, Pulit et al. 2015; Vessillier, Eastwood et al. 2015), 
we have employed a brain slice preparation in which afferent fibers from the auditory thalamus 
are partially preserved and can be stimulated in isolation of subnuclei to produce responses in 
the AC (Cruikshank, Rose et al. 2002). AC activation was measured using flavoprotein 
autofluorescence, which permits the measurement of neural activity with high sensitivity and 
spatial resolution, without the potentially confounding factors present when using exogenous 
dyes, such as differential uptake or dye toxicity (Shibuki, Hishida et al. 2003; Llano, Theyel et al. 
2009). The stability of the flavoprotein autofluoresence signal makes it particularly suitable for 
exploring pharmacological differences quantitatively across experimental groups (Middleton, 
Kiritani et al. 2011; Llano, Turner et al. 2012), thus provides a unique opportunity to explore 
population-level aging-related changes in synaptic inhibition. Given the evidence for aging-
related GABAergic changes, we employed a blocker of GABAA receptors (SR95531) in our test 
procedures. To measure potential changes in the redox state of tissue from aged animals, as 
well as monitor slice health, we measured the redox ratio of the tissue at various time points 
during the experiment. This ratio has previously been shown to be reflective of tissue health 
(Matsubara, Ranji et al. 2010; Sepehr, Staniszewski et al. 2012; Staniszewski, Audi et al. 2012; 






 The CBA/CAj strain was used because of its gradual aging-related hearing loss (Zheng, 
Johnson et al. 1999; Ohlemiller, Dahl et al. 2010). Due to factors such as animal death or the 
availability of certain data from prior data sets, the number of animals differs between different 
analyses and the numbers of animals used in each case are indicated in the Figures and/or text. 
A grand total of 50 male mice, obtained through the National Institute on Aging aged rodent 
colonies, were employed in these studies, though not all mice were used for all experiments. 
Several mice were lost after auditory brainstem responses (ABRs, see below) were obtained. 
The full, primary data set (imaging, redox ratios, hearing, and cortical thickness) comprised 29 
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animals. Three animals were eliminated during the post hoc analysis, 2 young and 1 aged 
because of minor damage to the AC during the slicing procedure which affected the flavoprotein 
signal and one aged because of a bowel obstruction and fragile health at the time of slicing. The 
young group comprised 14 animals: four at 4 months, four at 5.5 months, five at 9 months and 
one at 13 months of age. The aged group comprised 12 animals: four at 20 months, five at 22 
months, two at 23 months and one at 28.4 months. More animals were available for measures 
of cortical thickness. Eight animals from our previous study (Stebbings, Lesicko et al. 2014) 
without hearing threshold measurement (two at 2 months and six from 24 to 30 months) were 
analyzed, giving 37 animals in total for this data set. All procedures were approved by the 
Institutional Animal Care and Use Committee at the University of Illinois. All animals were 
housed in animal care facilities approved by the American Association for Assessment and 
Accreditation of Laboratory Animal Care. 
 
Auditory brainstem responses 
 
 ABRs were obtained at frequencies of 4, 8, 16, 32, 45, and 64 kHz as well as broadband 
noise. It was not possible to obtain all frequencies for all animals. Animals were anesthetized 
with 100mg/kg ketamine + 3 mg/kg xylazine intraperitoneally before the insertion of two 
subdermal electrodes, one at the vertex and one behind the left ear. Stimuli were presented 
using a Tucker-Davis (TDT) system 3, ES1 free-field speaker, with waveforms being generated 
by RPvdsEx software. The output of the TDT speaker was calibrated at all the relevant 
frequencies, using a Bruel and Kjaer type 4135 microphone and a Bruel and Kjaer measuring 
amplifier (Model 2610). Each frequency was presented for 5ms (3ms flat with 1ms for both rise 
and fall times), at a rate of 2-6Hz, varied within each animal, with a 100ms analysis window. 
Raw potentials were obtained with a Dagan 2400A amplifier and preamplifier headstage 
combination, and filtered between 100Hz and 3000Hz. An AD instruments power lab 4/30 
system was used to average these waveforms 500 times. Significant deflections, assessed via 
visual inspection, within 10ms after the end of the stimulus were deemed a response. All traces 
were reviewed by a single investigator and no attempts were made to cross-validate these 
thresholds. Despite this, the tone and noise threshold changes with aging observed in this study 
are similar to those seen previously using this mouse strain (Ohlemiller, Dahl et al. 2010). To 
keep ABR measurements within 3 months of final imaging experiments; ABRs were redone 5 
months after the first set on 3 animals. Both sets of ABRs on those 3 animals at different ages 
were included in the ABR dataset bringing the final number of observations to 45. Thirteen of 
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these animals either died from anesthesia or died during housing prior to final experiments. 25 
of 26 of the animals in the full, primary data set had ABRs measured using noise, 8 kHz, 16 kHz 
and 32 kHz, while one older animal only had a measurable response to noise and 8 kHz. 
Hearing threshold in response to a noise stimulus was chosen as the main hearing metric 
because all animals had a measurable ABR response to noise and because a principal 
components analysis showed that noise thresholds were essentially interchangeable with 
virtually any combination of pure-tone thresholds or thresholds averaged across frequencies 




 We modified the thalamocortical brain slice preparation developed by Cruikshank et al. 
to increase the likelihood of retaining the lateral extent of thalamocortical afferents to the left AC 
(Cruikshank, Rose et al. 2002). To ensure maximum slice viability, mice were initially 
anesthetized with ketamine (100 mg/kg) + xylazine (3mg/kg) intraperitoneally and perfused with 
chilled (4°C) sucrose-based slicing solution (in mM): 234 sucrose, 11 glucose, 26 NaHCO3, 2.5 
KCl, 1.25 NaH2PO4, 10 MgCl2, 0.5 CaCl2. Brains were blocked by removing of the olfactory 
bulbs and the anterior 2 mm of frontal cortex with a razor blade. The brain was then tipped onto 
the coronal cut and an off-horizontal cut was made on the dorsal surface, removing a sliver of 
brain angled at 20° from the horizontal plane. This increase in cutting angle of the 
thalamocortical slice has also been employed previously in older gerbils (Castro, Stebbings et 
al. 2015). The brain was then glued onto the cut angled surface, and 600 μm thick sections 
were taken. Sections were incubated for one hour in 32°C incubation solution before being 
imaged (26 NaHCO3, 2.5 KCl, 10 glucose, 126 NaCl, 1.25 NaH2PO4, 3 MgCl2, and 1 CaCl2). 
After incubation, slices were transferred to a chamber with an elevated slice platform so that the 
tissue could be perfused from both above and below with artificial cerebrospinal fluid (ACSF,26 
NaHCO3, 2.5 KCl, 10 glucose, 126 NaCl, 1.25 NaH2PO4, 2 MgCl2, and 2 CaCl2, 22°C and 
bubbled with 95% oxygen/5% carbon dioxide). 
 
Stimulation, imaging and drug application 
 
 Glass micropipettes filled with ACSF, and broken back to an external diameter of 75 μm, 
were used for stimulation. Whenever possible, the same electrode was used to reduce 
variability. Due to the considerable variability in capturing the thalamocortical afferent bundle at 
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the level of the thalamus (Broicher, Bidmon et al. 2010), stimulation was performed in the white 
matter below the AC. The electrode was lowered onto the white matter 150-200 μm ventral to 
the AC and 50-100 μm rostral of the hippocampus (Figure 2.1A). Pulse trains were delivered 
using PowerLab software and hardware and a World Precision Instruments stimulus isolator. 
Trains were 1 second in duration, with 2 ms pulses, delivered at 40 pulses per second. This 
train was delivered every 20 seconds, with 5 repetitions total.     
 Endogenous flavoprotein (FAD) autofluorescence was used as an indicator of neural 
activation (Shibuki, Hishida et al. 2003). A stable DC fluorescence illuminator (Prior Lumen 200 
) and a U-M49002Xl E-GFP Olympus filter cube (Excitation: 470-490 nm, Dichroic 505 nm, 
emission 515 nm long pass) were used for fluorescence optics. A coverslip was placed over the 
slice to minimize the effect of fluid fluctuation on imaging (Figure 2.1B). All data were collected 
at 4 frames per second using an infinity-corrected Olympus MacroXL 4X objective (NA 0.28) 
and a Retiga EXi camera using 4 x 4 binning and StreamPix software. Nicotinamide adenine 
dinucleotide (NADH) imaging was performed using a Semrock Sirius A 000 cube with 350 nm-
390 nm excitation and 415- 465 nm emission. Redox ratios were expressed as a ratio of FAD to 
NADH (Sepehr, Staniszewski et al. 2012).  
 The concentration of SR95531 (SR95531 Tocris (6-Imino-3-(4-methoxyphenyl)-1(6H)-
pyridazinebutanoic acid hydrobromide)) was 150 nM, which is slightly higher than estimates of 
the synaptic IC50 for SR95531 (Lindquist, Laver et al. 2005). In all cases, SR95531 was 
dissolved in ACSF just prior to the experiment. After washing SR95531 in for one hour, several 
stimuli were applied to the fiber bundle to assess for the stability of the AC response. Once 





Figure 2.1: A) Raw FAD of a brain slice as it sits in the chamber, illustrating the position of the 
AC, the stimulating electrode (white wedge) and the hippocampus. Dashed line represents the 
ROI analyzed. Red barbell represents the location where cortical thickness was measured. (B) 
Schematic diagram of the imaging rig, illustrating the wavelengths for excitation and emission, 
positions of the light source and camera, as well as the associated optics. (C) Time course of 
FAD signal, both under control conditions, and in the presence of SR95531, illustrating the 







 For each run, a total of 420 images, binned 4x4 to a final size of 260 x 348 pixels were 
collected. The first 5 seconds (20 frames) functioned as a baseline for the subsequent images. 
All image analysis was done using custom software written in MatLab. Time-based analyses 
were done by computing the change in fluorescence as a function of baseline fluorescence         
(Figure 2.1C). Time series for each pixel were corrected for quenching by high-pass filtering 
each time series using a high-frequency cutoff of 0.025 Hz. A series of stimulation amplitudes 
were used, ranging from 5 to 450µA, and an input–output curve was constructed. Input–output 
curves generally resembled a sigmoidal function, and therefore a traditional, four-parameter 
dose–response curve was fit using a custom program in SAS. We should note that in some 
cases the slope of the input-output function appeared shallower at low amplitudes (e.g., Figure 
2.4), particularly in older animals. Nevertheless, we continued to use a 4-parameter model, 
rather than a higher order model, to avoid overfitting. In addition, by using this model, we, if 
anything, underestimated the leftward shift of the input-output function that is described in the 
Results section.  
 From the fit curves, the minimum, maximum, midpoint (EC50), and slope could be 
extracted (see Figure 2.3I). Each of these parameters likely reflects a different underlying 
biological process. For example, the maximal response is likely a reflection of the total amount 
of synaptic input to a particular region of interest (Llano, Theyel et al. 2009), while the slope may 
reflect the ability to recruit axons of different diameters as stimulation strength is increased 
(Kiernan, Lin et al. 2001). Although absolute threshold was not measured here, EC50 is a 
comparable metric and is likely related to the underlying excitability of the stimulated axons 
(Kiernan, Lin et al. 2001). Outliers, specifically at the highest stimulation amplitudes, can have a 
large effect on the curves. Outliers are produced as a result of a number of experimental 
factors, such as random fluctuations in flow rates in the chamber or due to order effects from 
stimulation (which is why ordering of stimulus amplitudes was randomized). We eliminated 
these outliers by first fitting the curves, then taking the residuals and discarding any point with a 
residual more than 2 standard deviations from the mean. The process was repeated until no 
outliers were detected. As a result of this process, 2.87% (17 out of 593) of the data points were 
removed as outliers. These parameters in the different conditions (control ACSF, SR95531 and 




 Our primary region of interest (ROI) contains primary auditory fields and was generated 
using a combination of activation data and anatomical data. The activation area in our slices      
(Figure 2.3A-H) overlaps with parvalbumin staining in the thalamocortical slice used to 
distinguish primary auditory fields from non-primary (Stebbings, Lesicko et al. 2014), with the 
area identified as receiving topographic projections ventral division of the medial geniculate 
body (Hackett, Barkat et al. 2011) and also seen activated after inferior colliculus stimulation in 
the colliculo-thalamocortical slice (Llano, Slater et al. 2014). However, we do not attempt to 
distinguish the primary auditory fields (primary AC and/or anterior auditory field) and therefore 
refer to this region more generally as AC. The rostral-most extent of the ROI was defined by 
drawing a line from the subcortical white matter to the pia along the rostral edge of the columnar 
flavoprotein activation profile without GABAA blockade. This line was then extended along 2mm 
of cortex in the caudal direction (Cruikshank, Rose et al. 2002; Hackett, Barkat et al. 2011).  
 The AC ROI was also used to evaluate the ratio of FAD fluorescence to NADH 
fluorescence (redox ratio) over the course of the experiment as a surrogate marker for tissue 
health. At several time points throughout the experiment, several frames of baseline FAD and 
NADH fluorescence were taken sequentially. These frames were obtained in between stimulus 
runs. Of these, 3 frames were averaged and the ROI for AC was used to find the average pixel 
intensity in the composite image. The average intensities were then divided to yield the final 
ratio. This ratio was compared between young and old animals at 12 time points during the 
experiment. To measure the sensitivity of this redox ratio to oxidative stress, we exposed a slice 
to three increasing concentrations of H2O2 and two increasing concentrations of NaCN to show 
both dose-dependent increases and decreases in the ratio, respectively. Cortical thickness was 
evaluated by drawing a line tangent to the rostral-most extent of the hippocampus, from the 
white/grey matter border of the cortex to the pia (see Figure 2.1A for illustration of where 




 Given the relatively small numbers of animals in each group, nonparametric statistics 
were used for most group-wise comparisons. Given the non-uniform distribution of ages in the 
study (mostly young or aged animals, with few in between), pairwise comparison was done for 
most analysis. All pairwise comparisons used a two-tailed Wilcoxon-Rank Sum test. All p values 
and correlation coefficients reported for correlations are Spearman correlations. For 
measurement of the impact of age on cortical thickness, linear regression with a 95% 
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confidence interval was performed to extract variables of interest such as the slope of cortical 
thickness decline with age indicating the mean decline per year. Multiple linear regression was 
used to test relative contributions of age, hearing loss and cortical thickness. Age, hearing and 
cortical thickness were included as independent variables and the adjusted R2 values for their 
inclusion were compared. To evaluate whether or not FAD/NADH ratios were different at any 
point during the experiment, we employed a repeated measures ANOVA assuming mixed 
effects. All statistical analysis was generated using SAS software, Version 9.4 of the SAS 
System for Windows. 
 




 Consistent with previous work, CBA/CAj mice show V-shaped ABR threshold curves 
with greatest sensitivity around 16 kHz, and an increase in threshold with aging (Figure 2.2) 
(Zheng, Johnson et al. 1999). The increase in threshold was similar across all frequencies 
tested. The young animals in our experiments had a mean threshold to hearing threshold 
stimulation of 72.6 dB attenuation (SD 4.9) while the aged animals had a mean threshold of 





 Figure 2.2: A) Changes in hearing threshold, as measured using ABRs in response pure tones 
at frequencies of 4-64 kHz, as a function of age. Colorbar corresponds to age of animal in 
months. (B) Mean hearing threshold, measured using ABRs in response to broadband noise, in 





AC Activation differences:  
 
 The input-output functions in both control ACSF (Figure 2.3A-D) and SR95531           
(Figure 2.3E-H) resembled a sigmoidal function (Figure 2.3I) in both young and aged animals. 
Qualitative comparison of the averaged input-output functions of young vs. old animals under 
control and SR95531 conditions suggests that these curves have different shapes. Under 
control conditions, the input-output curves for aged animals appear to have a lower EC50 and 
shallower slope than young animals (Figure 2.4). Exposure to SR95531 shifts both curves 
upward and to the left, though the degree of upward shift appears less pronounced in aged 
animals, suggesting diminished sensitivity to GABAA blockade with aging. These trends are 
quantitatively compared below.  
 The maximum activation in the control condition was not found to differ between old and 
young animals (Figure 2.5). In the control ACSF condition, the mean AC response for young 
animals was 6.04% (SD 1.58, n = 14) above baseline and 5.29% (SD 1.23, n=12) for aged 
animals; the difference was not significant (p = 0.25). However, the third quartile and maximum 
are higher in young animals (7.24% and 8.53% for young) vs. 6.33% and 6.54% for aged). 
Thus, for the young mice, the upper range of the maximum peak under control conditions 
extends beyond that in the aged mice. In the presence of SR95531, there was significantly 
greater activation in the AC of young animals than in older animals (8.7% (SD 1.87, n=14) vs. 
6.12% (SD 1.52, n=12), p=0.003, Figure 2.5B). As we have done previously (Stebbings, 
Lesicko et al. 2014), the ratio of the response to stimulation under SR95531 to the response 
under control conditions was used as an indicator of the sensitivity of the AC to GABAA 
blockade. This was done to mitigate baseline differences across animals. We found this ratio to 
be about 30% higher (Figure 2.5C; p = 0.004) in the young animals (1.51 (SD 0.32, n=12)) than 






 Figure 2.3: A) Activation in the AC of a young animal in response to electrical stimulation of 
white matter at 50µA. The color bar shows colors corresponding to the maximum percent above 
baseline generated by the flavoprotein signal. The wedge indicates the stimulating electrode 
location. Dashed line represents the AC ROI. Scale bar in (H) is 1mm. B-D) Progressively 
increasing amplitudes of stimulation in control ACSF. E) Activation in SR95531 condition to 
50µA. The compass rose indicates: medial m): lateral l): rostral: and caudal (c). F-H) 
Progressively increasing amplitudes of stimulation in control ACSF. I) sigmoid curves fit to all 
data points from this animal in both the control ACSF condition and SR95531 condition. Red 
lettering and arrows show the locations for max and EC50 for the SR95531 curve, as well as the 
portion of the curve where the slope is derived. Activation shown here is relatively high, but 
















 Figure 2.4: Averaged input-output curves from young and aged animals in control and 
SR95531 conditions displayed as a mean and standard error of the mean at standard 
stimulation amplitudes. Data to compute the averages are derived from the fit sigmoidal input-
output curves. 
 
 Figure 2.5: Pairwise-comparisons of the maximum activation for young and aged animals 
under control conditions (A) and in the presence of SR95531 (B). Panel (C) shows a pairwise 
comparison of the ratio of the max response under SR95531 conditions to control conditions in 
young vs. aged animals.  
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 Two other parameters of the fitted sigmoid curve (EC50 and slope) were examined 
similarly, with the hypothesis that aging-related changes in cortical GABAergic function may 
either shift this function laterally (EC50) or change the recruitment pattern of thalamocortical 
putative afferents (slope). The mean EC50 in the control ACSF condition was significantly 
higher in younger animals (130.5µA (SD 32.7, n=14) than for aged animals (91.3µA (SD 39.4, 
n=12, Figure 2.6A; p=0.008)). EC50 differences also remained significant (p = 0.01) with an 
aged mean of 63.0 µA (SD 33.4) and a young mean of 103.9 µA (SD 33.04) under conditions of 
GABAA blockade (Figure 2.6B), though the ratio of these was not different (p= 0.121), and had 
nearly completely overlapping distributions (Figure 2.6C), suggesting similar sensitivities of 
EC50 to GABAA blockade in young and aged animals. To approximate the threshold for 
responding to a weak stimulus, the EC10 was computed from the fitted input-output curves. The 
EC10 was also smaller in aged animals than younger animals (41.0µA (SD 29.6), n=12, vs. 
71.1µA (SD 29.2), n=14; p=0.014), suggesting a greater sensitivity to weak signals in older 
animals.           
 We also compared the slope in the control ACSF condition, for which the young mean 
was 3.57x10-2 %/µA (SD 0.84, n=14) and the aged mean was 2.26x10-2 %/µA (SD 0.60, n=12) 
and found that older animals have a shallower slope in the control condition (Figure 2.6D; p = 
0.001). Exposure to SR95531 caused both slopes to increase, such that the slopes were no 
longer significantly different (p=0.350, Figure 2.6E), and that their sensitivities to GABAA 
blockade were similar because their ratios were not significantly different (p=0.463, 






 Figure 2.6: Pairwise-comparisons of the EC50 for young and aged animals under control 
conditions (A) and in the presence of SR95531 (B). Panel (C) shows a pairwise comparison of 
the ratio of the EC50 under SR95531 conditions to control conditions in young vs aged animals. 
(D) and (E) show pairwise-comparisons of the slope of the input-output functions for young and 
aged animals under control conditions and in the presence of SR95531, respectively. Panel (F) 
shows a pairwise comparison of the ratio of the slope under SR95531 conditions to control 
conditions in young vs. aged animals.  
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Impact of cortical thickness and hearing loss 
 
 Cortical thickness was measured in the rostral margin of the AC, and animals were 
included in this analysis from a previous study (Stebbings, Lesicko et al. 2014), which were 
imaged in the same way as the current study. The decline of cortical thickness with age was 
found to be linear with a slope of -0.073 mm/year (R2 = 0.60, p <0.0001, n=37, Figure 2.7). 
Given the relationship between aging and hearing loss (Figure 2.2) and cortical thickness       
(Figure 2.7), we examined the strength of association between age (in months), cortical 
thickness (in mm) or hearing loss (in dB attenuation) with sensitivity to SR95531 for max, EC50 
and slope (Table 2.4). We found that the best predictor of sensitivity to GABAAergic blockade 
for the max response was cortical thickness (p<0.001, R2=0.469, n=26, Spearman’s 
correlation). Note the borderline p-values for hearing threshold when correlated to max 
activation and EC50. Given the modest correlations between hearing threshold and these two 
variables (Spearman’s R = 0.361 and 0.340, respectively), our study had a power of 
approximately 60% of detecting statistical significance with an alpha value of 0.05. This finding 
suggests that at a sample size of 28, we cannot exclude the possibility that there is a significant 
correlation between hearing threshold and these two variables. 
  
 A multiple regression model was used to assess the impact of combinations of 
independent variables on the sensitivity to GABAAergic blockade on the maximum response. 
Inclusion of hearing loss or cortical thickness in the model containing age revealed that only 
cortical thickness increased the performance of the model. Inclusion of hearing loss had no 
additional impact on the ability to predict changes in sensitivity to GABAAergic blockade 
(baseline adjusted R2 =0.184 with only age as a predictor, adjusted R2 = 0.150 with hearing loss 
+ age, adjusted R2= 0.227 with cortical thickness + age). For EC50 and slope, similar to age, 
neither hearing loss nor cortical thickness served as a significant predictor of sensitivity  to 
GABAAergic blockade (Table 2.1). Additionally, for all non-sensitivity/ratio dependent variables 
(maxima, EC50, slope), in both conditions (control and SR95531), models with cortical 
thickness and age were in all cases superior (higher adjusted R2 values) to those with age alone 




 Figure 2.7: Cortical thickness in the AC declines linearly with age. Shaded region corresponds 
to 95% confidence interval surrounding regression line. Note the greater variability in the aged 
animals.  
 
Variables Age  Hearing threshold Cortical thickness 
Max activation 0.025 0.072 <0.001 
EC50 0.364 0.086 0.911 
Slope 0.069 0.241 0.831 
 
Table 2.1: p-values for Spearman correlations between age, hearing threshold and cortical 
thickness using the ratio of SR95531 to control (sensitivity) for max activation, EC50, and slope 








 As a way to test for potential differences in the health of slices taken from young vs. 
aged animals, redox ratios were measured both at baseline and over the course of the 
experiment to monitor slice health (Figure 2.8B). The use of redox ratios is based on findings 
that redox ratio is correlated to tissue health across several different tissue types including the 
brain (Matsubara, Ranji et al. 2010; Sepehr, Staniszewski et al. 2012; Staniszewski, Audi et al. 
2012; Slater, Fan et al. 2015). During the course of the experiment, the redox ratios do tend to 
generally decline (repeated measures ANOVA, p<0.0001) though there were no differences 
between young and aged (Figure 2.8B, p=0.139). Note that there are fluctuations in the redox 
ratio that correspond to different experimental conditions. When redox ratio was assessed in-
between electrical stimulation runs under control conditions, there was a gradual drop in the 
ratio. During the SR95531 wash-in (and when no stimulation was occurring), the ratio appeared 
to recover. When stimulated again, now under conditions of SR95531 exposure, the ratio again 
dropped, and recovered during the SR95531 washout, again when no stimulation was 
occurring. Since the redox ratio has not yet been established as a measurement of brain slice 
health, the sensitivity of redox ratio measurements to substances known to be metabolic 
stressors was also assessed (Figure 2.9). The administration of three increasing concentrations 
of H2O2 (0.1mM, 1mM and 10mM), bath-applied to a slice from a young animal, showed a dose-
dependent increase in redox ratio. The addition of two concentrations of NaCN showed dose-
dependent decreases in the redox ratio; washes returned the tissue to baseline values. These 
changes were similar in all regions of the slice. A region of interest from off the slice in the 






Figure 2.8: A) Raw images of FAD signal (top) and NADH signal (bottom) from an example 
young and old animal. The ratio of these images (hence the dividing line) is shown below as a 
heat map. Scale bar = 1 mm. Dashed lines represent AC ROIs. (B) The redox ratio 
(FAD/NADH) in the AC at experimentally relevant time points. Ratio 1: Pre stimulation. 2: After 
test stimulations and immediately before series of normal stimulations. 3: 50% through 
stimulations in normal ACSF. 4: Immediately following the conclusion of normal stimulations. 5: 
10 minutes after SR95531 washin. 6: 30 minutes after SR95531 washin. 7: 1.5h immediately 
preceding SR95531 stimulations. 8: 50% through SR95531 stimulations. 9: Immediately 
following SR95531 stimulations. 10: Washout of SR95531, 10 minutes 11: Washout of 






Figure 2.9: Redox ratio in the slice as perturbed by 3 increasing concentrations of H2O2 and two 
concentrations of NaCN. Three measurements established a baseline and washouts were 
performed after the highest concentration of H2O2, between the two concentrations of NaCN 









In this study, we observed that aged CBA/CAj mice demonstrate changes in auditory 
cortical responses to putative afferent stimulation when compared to young controls. Without 
GABAAergic blockade, the maximum strengths of activation were not different between young 
and aged brains. However, differences were seen when the tissues were exposed to a low 
concentration of SR95531; the maximum responses in aged animals showed diminished 
sensitivity to GABAAergic blockade. The EC50 and slope of the input-output curves were both 
lower in older animals. Hearing loss and cortical thickness were strongly correlated with age, 
and cortical thickness was a better predictor of GABAA blockade sensitivity for the maximum 
response than either age or hearing loss. Finally, no significant differences were seen in the 
redox ratio between slices obtained from young compared to aged animals. These data suggest 
aging in mice is associated with hearing loss, decreases in AC thickness as well as diminished 
sensitivity to GABAAergic inhibition, and that the differences noted in the current study are not 




 One relevant concern is the tissue health of aged slices at 600µm. This thickness was 
used to retain maximal connectivity within the slice. Other groups have had success with such 
slices at this thickness (Cruikshank, Rose et al. 2002; Chang, Rosene et al. 2005; Luebke and 
Chang 2007) and studies using even thicker slices suggest that in young slice central necrosis 
begins at 800-900 µm (Llano, Slater et al. 2014). Though many studies examining slices from 
aged animals demonstrate changes compared to young in terms of synaptic properties 
(Thaventhiran, Alhumeed et al. 2014; Castro, Stebbings et al. 2015), several studies examined 
parameters of cellular health from aged slices and generally found no difference in resting 
membrane potential or input resistance (Segal 1982; Taylor and Griffith 1993) or spike size, 
spike overshoot, after potential and EPSPs (Segal 1982). In the current experiments, additional 
precautions were taken to maximize the health of the slices, including perfusing with high-
sucrose cutting solution (Ryan, Stebbings et al. 2015), as well as using a double-perfusion slice 
chamber, as we have described previously (Llano, Slater et al. 2014). We also observed no 
difference in redox ratio, a surrogate marker of tissue health, between slices from young and 
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aged animals. Although redox ratio has not, to our knowledge, been used previously to assess 
tissue health in brain slices, it has been used for this purpose both inside and outside of the 
nervous system (Matsubara, Ranji et al. 2010; Sepehr, Staniszewski et al. 2012; Staniszewski, 
Audi et al. 2012; Slater, Fan et al. 2015). We also determined that redox ratio is a sensitive 
marker of tissue oxidative stress since low concentrations of H2O2 and NaCN induce dose-
dependent changes in the redox signal. In addition, the redox signal does change over the 
course of the experiment, as shown in  Figure 2.8, and there are fluctuations in redox ratio that 
correlate with parts of the experiment that presumably cause the most metabolic stress in the 
tissue (i.e., the portions of the experiment during which electrical stimulation was occurring). 
The expected direction of change of the redox ratio in these studies has not yet been 
established. With two different types of oxidative stress (H2O2 and NaCN), the ratio changed in 
different directions (Figure 2.9), and similar discrepancies have been seen previously with the 
flavoprotein signal in response to low glucose (increase in signal) vs. low oxygen (decrease in 
signal) (Shibuki, Hishida et al. 2003)). It is certainly possible that aging produces offsetting 
changes in the redox ratio, such that there were significant differences in tissue health that were 
masked by offsetting directions of the redox ratio. However, in these experiments, the patterns 
of the change in redox ratio between the two populations were virtually identical (Figure 2.8), 
suggesting similar sensitivities to metabolic stressors. 
 Another methodological concern is the use of similar-sized ROIs, despite the thinning of 
the cortex with age. No attempt was made to compensate for the thinning of the cortex, so the 
ROIs in the aged animals are slightly smaller in area than the young animals. We have, in fact, 
used several permutations of the ROI, both larger and smaller, and found similar aging-related 
changes as described in our main findings (data not shown). Given this, and the fact that the 
majority of the flavoprotein signal was found near the center of the ROI, it is unlikely that small 
differences in the region of interest area caused any impact in our comparison of young vs. 
aged animals.  
 A final methodological consideration in the current work is the use of electrical 
stimulation of a white matter path to activate the AC. It is certainly possible that electrical 
stimulation drives antidromic responses in the AC and that changes in SR95531 sensitivity are 
related to GABAergic synapses driven by branches of antidromically-activated corticofugal 
neurons. It should be noted, however, that in an identical experimental preparation, we 
determined that approximately 80% of the signal in the AC disappeared with AMPA and NMDA 
blockade, suggesting the most of the flavoprotein signal is generated by orthodromic activation 
(Stebbings, Lesicko et al. 2014). This finding suggests that most of the flavoprotein signal 
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analyzed in this study is generated by the thalamocortical afferents to the cortex. Nevertheless, 
it is possible that antidromic activation could (through local collaterals) contribute to the 
flavoprotein signal and the differential responses seen in young vs. aged animals. 
 
Aging effects and synaptic mechanisms 
 
 The main finding of the current study is that aging is associated with a diminished 
sensitivity to SR95531 in the aged AC. This is consistent with several other studies 
demonstrating a loss of GABAergic inhibition in the AC and other central auditory structures with 
aging (Gutierrez, Khan et al. 1994; Ling, Hughes et al. 2005; Burianova, Ouda et al. 2009; 
Schmidt, Redecker et al. 2010; Lim, Stebbings et al. 2015). Similar declines in inhibition as 
those seen here could result largely from hearing loss rather than aging alone (Kotak, Fujisawa 
et al. 2005; Takesian, Kotak et al. 2009), and interactions may occur such that aging may 
exacerbate insult-induced hearing loss (Martincorena, Roshan et al. 2015). Future studies 
employing a hearing-loss paradigm in younger animals may help to separate the influences of 
aging vs. peripheral hearing loss. 
 An alternative explanation for our finding that aged tissue is less sensitive to GABAAergic 
inhibition is that SR95531 bound less effectively to its receptor in aged animals, due to, for 
example, changes in subunit composition of the GABAA receptor. The GABAA receptor subunit 
composition changes continually with age and relative changes of component subunits are brain 
region-specific (Yu, Wang et al. 2006; Lim, Stebbings et al. 2015). Complicating this 
interpretation is that the SR95531-related aging effects in this study were not uniform across the 
three imaging variables studied (maximum increase in fluorescence, EC50 and slope). As 
described in the Methods section, it is likely that these imaging variables provide different 
information about the cortical response, thus leading to differential sensitivity to GABAAergic 
blockade. The mixed impact of GABAAergic blockade may also be related to heterogeneity in 
SR95531’s effects. SR95531 is considered a competitive antagonist at the GABA site on 
GABAA receptors, and may also function as an inverse agonist and negative allosteric 
modulator of GABA receptors (Ueno, Bracamontes et al. 1997). Other studies suggest that 
SR95531 and GABA may bind to different sites (Lindquist, Laver et al. 2005). Therefore, the 
aging-related changes in SR95531 effects seen here may be related to down-regulation of the 
GABAA receptor and/or changes in subunit composition. 
 Other neurotransmitter changes in aging may also contribute to the current findings. In a 
previous study using a virtually identical preparation, we showed that approximately 20% of the 
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flavoprotein autofluoresence signal in aged animals in the AC disappeared in the presence of 
APV, suggesting that there is a significant NMDA component to this signal (Llano et al., 2012). 
Given the known drop in cortical NMDA receptor density and changes in subunit composition 
that occur with aging (Ferguson, Mattiuzzo et al. 2014), it is possible that the AC signal in aged 
animals contains a larger proportion of non-NMDA signal than young animals. This could 
potentially contribute to baseline differences seen between young and aged animals observed 
in this study, such as EC50 differences, or to the differences seen when exposed to SR95531, 




 We observed a difference in the shapes of input-output functions from young and aged 
animals, which opens the possibility that axonal fiber recruitment, excitability, or myelination 
differences, may distinguish tissue from young and aged animals. Previous studies in the 
peripheral nervous system, using simulation paradigms similar to ours, also report aging-related 
increases in threshold and decreases in slope (Kiernan, Lin et al. 2001; Jankelowitz, McNulty et 
al. 2007). Although absolute threshold was not measured here, EC10 is a comparable metric 
and was found to be consistently lower in older animals rather than higher in the 
aforementioned studies. In this study, a decline in the slope of the input-output function with 
aging was observed. In the peripheral nervous system, similar changes in slope are thought to 
reflect differences in the distribution of axon diameters (Kiernan, Lin et al. 2001). Supporting this 
idea, there is evidence for axonal damage and demyelination in vivo in the AC of aging humans 
with presbycusis, via decreases in N-acetylaspartate + N-acetylaspartylglutamate (Profant, 
Balogova et al. 2013). Therefore, our observed aging-related declines in slope in the control 
condition may have to do with aging-related widening of the distribution of axon fibers and their 
subsequent recruitment. Both loss of small (Chase, Engelhardt et al. 1992) and large diameter 
axons (Fortune, Reynaud et al. 2014), in isolation, have been seen with aging. One potential 
implication of the leftward shift of the input-output functions is that the aging AC may actually 
have an increased sensitivity to weak signals emanating from the thalamus, which may 
correlate with the known sensitivity to weak or distracting sounds that occurs in presbycusis 
(Harrison, Badenhorst et al. 2014; Stebbings, Lesicko et al. 2014). 
 We also observed aging-related decreases in cortical thickness, which has also been 
described in humans across multiple studies (Curtis, Luo et al. 2015; Hegarty, Conner et al. 
2015; Reed, Paschalaki et al. 2015) as well as rats (Ouda, Nwabueze-Ogbo et al. 2003). The 
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rate of decline in the current study (approximately 73 µm/year) is less than that described in rats 
(approximately 200 µm/year), where cortical thickness was estimated after tissue processing 
and, presumably, shrinkage occurred. Note that shrinkage may differ in young and old brains 
(Haug, Kühl et al. 1983). In the current study, the tissue was not processed prior to measuring 
thickness and may represent a more accurate measurement of thickness. Interestingly, cortical 
thickness, which in humans correlates strongly with a host cognitive functions (Wang, Ghosh et 
al. 2012; Llano, Slater et al. 2014; Fan, Stebbings et al. 2015), in the current study, correlated 
more strongly to GABAA blockade sensitivity of the maximal activation than did either 
chronological age or hearing threshold (Table 2.4). These data suggest that cortical thickness 
may be a more appropriate biological mediator of the aging process and that the highly variable 
phenotypes often seen with aging may be explained, in part, by cortical thickness. In addition, 
since aging-related decreases in cortical thickness are not thought to be related to loss of 
neurons, and are more likely due to decreases in synaptic density (Haug, Kühl et al. 1983; 
Terry, DeTeresa et al. 1987; Masliah, Mallory et al. 1993; Dumitriu, Hao et al. 2010), our data 
suggest that aging is associated not with loss of GABAergic neurons in the AC, but rather loss 




 The current findings add to the growing literature demonstrating that presbycusis is 
associated with disrupted inhibition in the central auditory system. The use of a brain slice 
establishes that at least part of the previously described aging-related changes in AC are local. 
Additional work will be needed to separate the impact of hearing loss from aging effects on the 












CHAPTER 3: HIPPOCAMPAL REDOX STATE AS AN INDEX OF AGING AND ITS 




 In chapter 3 I examine a highly conspicuous effect of an increase in redox potential in 
particular regions of the hippocampus in old animals which was noticed quite by accident in 
chapter 2 and which prevented experimental blinding. At this point, the relationship between 
redox potential or oxidative stress in the hippocampus and other aging-related changes such as 
hearing loss, cortical thinning or changes in body weight was not yet known. We measured the 
redox ratio in a number of neural structures in brain slices taken from young and aged mice. 
Hearing thresholds, body weight and cortical thickness were also measured. We found striking 
aging-related increases in the redox ratio that were isolated to the stratum pyramidale, while 
such changes were not observed in thalamus or cortex. These changes were driven primarily by 
changes in FAD, not NADH. Multiple regression analysis suggested that neither hearing 
threshold nor cortical thickness independently contributed to this change in hippocampal redox 
ratio. However, body weight did independently contribute to predicted changes in hippocampal 
redox ratio. These data suggest that aging-related changes in hippocampal redox ratio are not a 
general reflection of overall brain oxidative state, but are highly localized, while still being related 




 Aging is associated with both cognitive changes as well as specific sensory changes, 
such as peripheral hearing loss. For example, aging-related deficits in episodic and spatial 
memory have been well-documented in humans and animals (Gallagher and Pelleymounter 
1988; Frick, Baxter et al. 1995; Albert 1997; Levine, Svoboda et al. 2002; Buckner 2004; 
Hedden and Gabrieli 2004), as have changes in peripheral hearing function (Moscicki, Elkins et 
al. 1985; Simpson, Knight et al. 1985; Cruickshanks, Wiley et al. 1998; Frisina and Zhu 2010; 
Ohlemiller, Dahl et al. 2010; Syka 2010). These changes in memory function are associated 
with changes in hippocampal structure and function that occur during aging (Golomb, Kluger et 
al. 1994; Maguire and Frith 2003; Driscoll, Howard et al. 2006; Persson, Nyberg et al. 2006), 
while the changes in auditory function are associated with loss of function at multiple levels of 
the auditory system, from the peripheral hearing apparatus to multiple levels of the central 
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auditory system (Henry, McGinn et al. 1980; Walton, Frisina et al. 1998; Mendelson and 
Ricketts 2001; Ling, Hughes et al. 2005; Parthasarathy, Cunningham et al. 2010; Del Campo, 
Measor et al. 2012). In addition, hearing loss and cognitive loss during aging are correlated (Lin, 
Ferrucci et al. 2011; Lin, Metter et al. 2011), suggesting a potential common underlying etiology. 
It is not yet known whether changes in peripheral hearing are related in a direct and causal way 
to changes in general cognitive function, or if both are reflections of general metabolic factors, 
such as oxidative stress, which occur during aging (Beal 1995; Berlett and Stadtman 1997; 
Dröge and Schipper 2007). Therefore the goal of this study is to examine the relationships 
between aging, peripheral hearing loss and oxidative stress in the hippocampus in an animal 
model. 
 Multiple approaches have been used to measure oxidative stress in the brain. Previous 
investigators have measured redox state via direct measurements of oxygen consumption in 
homogenized tissues (Kudin, Kudina et al. 2002; Lores-Arnaiz, Perazzo et al. 2005). Potential 
limitations to this direct respirometric approach are the lack of spatial resolution of the sampling 
of the tissue, and the subsequent inability to conduct other experiments on the same tissue. 
Another approach to quantify redox state in brain tissue is to measure the ratio of oxidized flavin 
adenine dinucleotide (FAD) to reduced nicotinamide adenine dinucleotide (NADH). FAD can be 
quantified by measuring the emitted fluorescence in tissue at approximately 525 nm after 
excitation with wavelengths of approximately 450-480 nm (Benson, Meyer et al. 1979; Kunz and 
Gellerich 1993; Huang, Heikal et al. 2002). Cellular NADH can be quantified by measuring the 
emitted fluorescence in tissue at approximately 450 nm after excitation with wavelengths of 
approximately 350 nm (White and Wittenberg 1993; Duchen, Surin et al. 2003). Many 
investigators have used this ratio to measure oxidative stress across multiple tissue types, 
including brain (Mayevsky 1984; Gerich, Hepp et al. 2006; Parihar, Kunz et al. 2008; Gerich, 
Funke et al. 2009; Ranji, Matsubara et al. 2009; Maleki, Sepehr et al. 2012) and this ratio has 
been established to be directly associated with tissue oxidative stress (Crowley, Yang et al. 
2015; Salehpour, Ghanian et al. 2015). We and others found that this ratio can be measured in 
acutely-prepared brain slices, and is sensitive to small perturbations of molecules known to 
cause oxidative stress, such as hydrogen peroxide and cyanide (Gerich, Hepp et al. 2006; 
Gerich, Funke et al. 2009; Stebbings, Choi et al. 2016). Consequently, using a standardized 
approach to cut brain slices that are similar animal-to-animal (validated by using electrical 
stimulation to establish synaptic connectivity) we can use the slice preparation to compare the 
redox state, measured as a ratio of FAD/NADH, in various brain subregions of the slices in a 
non-destructive way with high spatial resolution. 
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 Therefore, in the current study, we measured the redox ratio of various hippocampal 
subfields, two auditory forebrain structures (auditory cortex (AC) and medial geniculate body 
(MGB)), as well as peripheral hearing thresholds in young and aged mice. This was done in 
brain slices taken from CBA/CAj mice, which are known to undergo aging-related hearing loss, 
and loss of auditory efferent function (Frisina and Zhu 2010; Ohlemiller, Dahl et al. 2010; 
Frisina, Singh et al. 2011). In addition, body weight, which has a complex and age-dependent 
relationship with general health and longevity (Samorajski, Delaney et al. 1985; Goodrick, 
Ingram et al. 1990; Anisimov, Arbeev et al. 2004), was also measured. These data were 
obtained as part of a study of aging-related changes in inhibitory synaptic function in the AC 






 A total of 29 male CBA/CAj mice, obtained through the National Institute on Aging aged 
rodent colonies, were employed in these studies. The young group comprised 16 animals: five 
at 4 months, five at 5.5 months, five at 9 months and one at 13 months of age. The aged group 
comprised 13 animals: four at 20 months, five at 22 months, three at 23 months and one at 28.4 
months. Body weight was measured in 22 animals. Other measures of general metabolic health 
were not assessed. All procedures were approved by the Institutional Animal Care and Use 
Committee at the University of Illinois. All animals were housed in animal care facilities 
approved by the American Association for Assessment and Accreditation of Laboratory Animal 
Care. 
 
Auditory brainstem responses (ABRs) 
 
 As previously described (Stebbings, Choi et al. 2016), ABRs were obtained at 
frequencies of 4, 8, 16, 32, 45, and 64 kHz as well as broadband noise. It was not possible to 
obtain all frequencies for all animals. Animals were anesthetized with 100mg/kg ketamine + 3 
mg/kg xylazine intraperitoneally before the insertion of two subdermal electrodes, one at the 
vertex and one behind the left ear. Stimuli were presented using a Tucker-Davis (TDT) system 
3, ES1 free-field speaker, with waveforms being generated by RPvdsEx software. The output of 
the TDT speaker was calibrated at all the relevant frequencies, using a Bruel and Kjaer type 
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4135 microphone and a Bruel and Kjaer measuring amplifier (Model 2610). Each frequency was 
presented for 5ms (3ms flat with 1ms for both rise and fall times), at a rate of 2-6Hz, varied 
within each animal, with a 100ms analysis window. Raw potentials were obtained with a Dagan 
2400A amplifier and preamplifier headstage combination and filtered between 100Hz and 
3000Hz. An AD instruments power lab 4/30 system was used to average these waveforms 500 
times. Significant deflections, assessed via visual inspection, within 10ms after the end of the 
stimulus were deemed a response. Hearing threshold in response to a noise stimulus was 
chosen as the main hearing metric because all animals had a measurable ABR response to 
noise and because a principal components analysis showed that noise thresholds were 
essentially interchangeable with virtually any combination of pure-tone thresholds or thresholds 
averaged across frequencies (data not shown). Initial attempts were made to do the ABRs 
blinded, as we have done previously (Llano, Turner et al. 2012). However, we found this to be 
impossible given the physical differences between the young and aged mice (i.e., aged mice 
were larger and had substantially fewer whiskers on their snouts). Given the large differences 
seen in the ABR thresholds seen in a larger dataset using these same animals (19 dB 
difference, p< 0.0001, Stebbings et al. 2016), it is unlikely that functional unblinding played a 




 As previously described(Stebbings, Choi et al. 2016), we modified the thalamocortical 
brain slice preparation developed by Cruikshank et al. to increase the likelihood of retaining the 
lateral extent of thalamocortical afferents to the left AC (Cruikshank, Rose et al. 2002). To 
ensure maximum slice viability, mice were initially anesthetized with ketamine (100 mg/kg) + 
xylazine (3mg/kg) intraperitoneally and perfused with chilled (4°C) sucrose-based slicing 
solution (in mM): 234 sucrose, 11 glucose, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 10 MgCl2, 0.5 
CaCl2. Brains were blocked by removing the olfactory bulbs and the anterior 2 mm of frontal 
cortex with a razor blade. The brain was then tipped onto the coronal cut and an off-horizontal 
cut was made on the dorsal surface, removing a sliver of brain angled at 20° from the horizontal 
plane. This increase in cutting angle of the thalamocortical slice has also been employed 
previously in older gerbils (Castro, Stebbings et al. 2015). The brain was then glued onto the cut 
angled surface, and 600 μm thick sections were taken. Sections were incubated for one hour in 
32°C incubation solution before being imaged (26 NaHCO3, 2.5 KCl, 10 glucose, 126 NaCl, 1.25 
NaH2PO4, 3 MgCl2, and 1 CaCl2). After incubation, slices were transferred to a chamber with an 
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elevated slice platform so that the tissue could be perfused from both above and below with 
artificial cerebrospinal fluid (ACSF,26 NaHCO3, 2.5 KCl, 10 glucose, 126 NaCl, 1.25 NaH2PO4, 
2 MgCl2, and 2 CaCl2, 22°C and bubbled with 95% oxygen/5% carbon dioxide). 
 
 Endogenous flavoprotein (FAD) autofluorescence was measured using a stable DC 
fluorescence illuminator (Prior Lumen 200 ) and a U-M49002Xl E-GFP Olympus filter cube 
(Excitation: 470-490 nm, Dichroic 505 nm, emission 515 nm long pass). Endogenous 
nicotinamide adenine dinucleotide (NADH) imaging was performed using a Semrock Sirius A 
000 cube with 350-390 nm excitation and 415- 465 nm emission. Redox ratios were expressed 
as a ratio of FAD to NADH (Sepehr, Staniszewski et al. 2012). All data were collected using an 
infinity-corrected Olympus MacroXL 4X objective (NA 0.28) and a Retiga EXi camera using 4 x 




 Regions of interest (ROI) in the hippocampus were defined anatomically by visualization 
of CA1, CA2, and CA3 in the slice. Initial hippocampal ROIs were 2 x 10 or 2 x 12 pixel 
rectangles completely contained within the stratum pyramidale or stratum radiatum, 
respectively, in each hippocampal subfield (Figure 3.2A). Once it was determined that the most 
conspicuous changes were seen in CA2 and CA3, a new ROI containing these fields was 
constructed (Figure 3.2B). The ROI in the dentate gyrus (DG) was drawn analogously to the 
ROIs in CA1, CA2, and CA3. The MGB ROI was constructed using a 20 x 40 pixel rectangle 
totally contained within the MGB. The AC ROI corresponds to a 2 mm rostro-caudal region 
centered around the area of activation seen after stimulation of auditory thalamocortical 
afferents, done as part of a previous study with the same slices (Stebbings, Choi et al. 2016). All 
pixels in each ROI were averaged in the calculation of redox ratios. Cortical thickness was 
evaluated by drawing a line tangent to the rostral-most extent of the hippocampus, from the 




 Given the non-uniform distribution of ages in the study (mostly young or aged animals, 
with few in between), nonparametric statistics (two-tailed Wilcoxon-Rank Sum test and 
Spearman's correlation) were used. For multivariate comparisons, multiple linear regression 
45 
 
(run in SPSS) was used to test relative contributions of age, hearing loss, cortical thickness and 
body weight on hippocampal redox ratios. An optimal multivariate model was chosen by 
including all combinations of age, hearing, cortical thickness, and body weight as independent 
variables and computing the adjusted R2 values. Regression coefficients and p-values were 
then computed using the optimal model. Wald Chi-squared testing was run in SAS to test for 
interaction effects. Correction for multiple comparisons was done using the Holm-Bonferroni 
method (Holm 1979). 
 
3.4 RESULTS 
  Figure 3.1 shows representative images from brain slices taken from animals ranging 
from 4 months to 28.4 months of age. Shown are FAD images (Figure 3.1A-D), NADH images 
(Figure 3.1E-H) and images of the redox ratio (Figure 3.1I-L). These exemplar data indicate 
that there is a progressive increase in the FAD signal and redox ratio seen with aging which is 
most conspicuous in the stratum pyramidale of the hippocampus, particularly in the CA2 and 





Figure 3.1: Representative examples of FAD images (A-D), NADH images (E-H) and redox 
ratio images (I-L) from mice taken from different age groups. The notable finding in this figure is 
the rise of the FAD signal and redox ratio observed in the stratum pyramidale of the 




 We examined the relationship between age and redox ratio across multiple brain 
structures. Figure 3.2A illustrates the regions of interest (ROI) for the AC, MGB, hippocampus 
CA1, CA2 and CA3 regions (both for the stratum pyramidale and adjacent stratum radiatum).  
Figure 3.2B shows a modified ROI containing a large strip extending from the CA1/CA2 border, 
through all of visible CA3, in both the stratum pyramidale and adjacent stratum radiatum. As will 
be shown below, these were the areas containing the most conspicuous aging-related changes 
and were therefore used for all subsequent analyses.  
 
 
Figure 3.2: ROIs used in this study. A) The original ROIs used were those from the AC and 
MGB, as well as the stratum pyramidale and adjacent stratum radiatum in regions CA1, CA2 
and CA3. B) Once it was determined that the largest aging-related signal changes were seen in 
CA2 and CA3, a new region of interest capturing the stratum pyramidale and stratum radiatum 
of both of CA2 and CA3 was used for subsequent analyses. 
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  Figure 3.3 shows the redox ratios of each of these brain structures (AC, MGB, CA1, 
CA2 and CA3) for both young and aged animals. There are no significant differences between 
young and aged in the DG, MGB or AC. There is an aging-related increase in the redox ratio in 
CA2 (young = 0.56 +/- 0.08 vs. aged = 0.65 +/- 0.08, p=0.007) and a trend for significance in 
CA3 (young = 0.55 +/- 0.07 vs. aged = 0.64 +/- 0.08, p=0.021) which did not survive correction 
for multiple comparisons.  
 To achieve a more standardized measurement that would be less sensitive to 
differences in slice preparation, the redox ratio in the stratum pyramidale of the hippocampal 
subfields was normalized to the redox ratio in the stratum radiatum. These normalized redox 
ratios are shown in Figure 3.3B. As shown, there were significant increases in the normalized 
redox ratio seen with aging in all subfields, and pairwise comparisons (young vs. aged) showed 
that this increase was most highly significant (p < 0.0001) in CA2 and CA3 subfields. We, 
therefore, used this ratio from a combined CA2 + CA3 ROI for all subsequent analyses and 
refer to this is as the "CA2-CA3 normalized redox ratio." Note that we have also used the 
normalized redox ratio of either CA2 or CA3 and a combined CA1-CA2-CA3 ROI as a 
dependent variable, and have found no substantial differences from analysis with the CA2-CA3 
normalized redox. The trends for CA1 ratio were generally in the same direction as CA2 and 
CA3, but weaker and are not analyzed further (data not shown).  
 To determine if the increase in redox ratio was driven by a change in FAD or NADH or 
both, we have separately analyzed aging-related changes in the FAD and NADH signal. Since 
FAD and NADH measurements were not standardized (i.e., different exposure times were used 
in each slice and were optimized for each slice), the ratio of each component in the stratum 
pyramidale was normalized to the value measured in the stratum radiatum. We observed a 
highly significant relationship between age and the FAD ratio obtained using the combined ROI 
encompassing CA2 and CA3 (Spearman’s rho = 0.823, p<0.0001, degrees of freedom (DF) = 
27), but no significant relationship for NADH (Spearman’s rho = 0.098, p<0.61, DF = 27). These 
data suggest that the aging-dependent rise in the redox ratio is driven by the FAD component of 










Figure 3.3: A) Box-whisker plots showing median, quartiles 1 and 3, minimum and maximum 
values overlaid on scatterplots of the individual values of the redox ratio across five different 
brain regions in young (blue) and aged (red) mice. Significance for each region is as follows: 
AC: p=0.369, U=83, MGB: p=0.913, U=101, CA1: p=0.228, U=76, CA2: p=0.007, U = 41, CA3: 
p=0.021, U = 51. In all cases, DF = 27.  B) Box and whisker plots of normalized redox ratios 
from CA1, CA2, CA3, a combined ROI containing both CA2 and CA3 and the DG Significance 
for each region is as follows: CA1: p=0.0001, U=17.0, CA2: p<0.0001, U=1, CA3: p<0.0001, 
U=13, CA2-CA3: p<0.0001, U=3, DG: p=0.101, U = 66. In all cases, DF = 27. * p<0.01, ** 
p<0.001, *** p<0.0001. 
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 Multiple other endpoints also show aging-dependent changes in mice, such as hearing 
threshold, cortical thickness and body weight (Samorajski, Delaney et al. 1985; Goodrick, 
Ingram et al. 1990; Frisina and Zhu 2010; Ohlemiller, Dahl et al. 2010; Frisina, Singh et al. 
2011; Stebbings, Choi et al. 2016).  Therefore, we examined whether any of these factors were 
associated with hippocampal redox signal changes. Figure 3.4A-D show the individual 
correlation functions between each of these factors and the CA2-CA3 normalized redox ratio. 
As shown, age, cortical thickness and hearing threshold are strongly correlated with CA2-CA3 
normalized redox ratio (p < 0.001 in all cases), while body weight is not (p = 0.636). Note in 
figure 3.4C that the normalized redox ratio appears to asymptote at approximately 1.1 at 
hearing thresholds above 50 dB SPL, and is better fit by a logarithmic function (R = 0.695). 
 Given the multiple potential predictors of the CA2-CA3 normalized redox ratio shown in 
figure 3.4, we attempted to separate out the effect of each one using multiple regression. 
Standard multiple linear regression was done to determine if cortical thickness, hearing 
threshold or body weight independently contributed to aging-related changes in the CA2-CA3 
normalized redox ratio. All combinations of age, cortical thickness, hearing threshold and body 
weight were used non-sequentially to develop an optimal model based on adjusted R2 values. 
The largest adjusted R2 value was found when combining age and body weight (adjusted R2 = 
0.855). For this model both age (standardized beta = 1.003, p < 0.001) and body weight 
(standardized beta = -0.254, p = 0.011) were significant independent predictors of CA2-CA3 
normalized redox ratio (Table 1). Variance inflation factors (VIFs) were computed for each of 
these factors and were found to be low (VIFs=1.19), suggesting little collinearity between these 




 Figure 3.4: Correlation functions for A) age, B) cortical thickness, C) hearing threshold and D) 
body weight, all vs. CA2-CA3 normalized redox ratio. Correlation coefficients were determined 




 To further explore the relationships between hearing loss, body weight, aging and CA2-
CA3 normalized redox ratio, we plotted body weight vs. hearing loss and body weight vs. CA2-
CA3 normalized redox ratio and analyzed these separately for young and aged animals. Figure 
3.5A shows such a plot for hearing loss. As shown, the regression slope for body weight vs. 
hearing loss is essentially flat in the young animals (p=0.34), but a strong correlation between 
body weight and hearing loss exists in the aged animals (p = 0.0005). That is, older, lighter 
animals had the most significant hearing loss, while older, heavier animals had hearing 
thresholds similar to young animals. Similar interactions were seen for CA2-CA3 redox ratio 
(Figure 3.5). As was the case for hearing loss, the correlation function for body weight vs. 
hearing loss is essentially flat in the young animals (p=0.78), but shows a strong correlation in 
the aged animals (p = 0.003). Although it is possible the lack of significant correlations observed 
with the young animals is related to type 2 error, the slopes of the regression lines are 
essentially flat, suggesting weak, if any, relationships between these variables. Note that none 
of the aging- and body weight-related findings can be explained by correlations between age 
and weight, since these are uncorrelated in both the whole population (Spearman’s rho = 0.353, 
p=0.11, DF=20), as well as the aged animals (Spearman’s rho = -0.361, p=0.25, DF=10). 
 These data suggest the presence of interaction effects between age, body weight and 
hippocampal redox ratio. That is, older, lighter animals had the highest hippocampal redox 
ratios while older, heavier animals had hippocampal redox ratios approaching those of young 
animals. Interaction effects were examined in both cases using the Wald Chi-square test. In 
both cases, it was determined that body weight significantly affected aging-related changes in 
hearing loss and CA2-CA3 normalized redox ratio, though the interaction was stronger with 






Figure 3.5: Correlation functions for A) body weight vs. hearing loss and B) body weight vs. 
CA2-CA3 normalized redox ratio, analyzed separately for young (blue) and aged (red) mice.  
Figure 3.5 B is the same figure as figure 3.4 D, except that young and aged mice are separated 
by color. Correlation coefficients were determined using Spearman’s correlation and denoted as 
rho. DF = 10 for aged and 8 for young. 
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 Given the interactions between body weight, age and normalized CA2-CA3 redox ratios 
described above, we used multiple linear regression to examine the contribution of body weight, 
but now only in the aged animals. As was done above, all permutations of age, cortical 
thickness, hearing threshold and body weight were used to develop an optimal model based on 
adjusted R2 values. The largest adjusted R2 value was found when combining age, hearing loss 
and bodyweight (adjusted R2 = 0.502). However, VIFs for this model were somewhat elevated 
for weight (VIF = 5.62) and noise threshold (VIF = 5.74). Therefore, we estimated the VIFs for 
the model with the second highest R2 value (i.e., the model containing age and body weight) 
and found the VIFs to be in a more acceptable range (VIFs = 1.10). For this model, adjusted R2 
= 0.472, and only body weight (p=0.011) was a significant independent predictor of CA2-CA3 




 In the current study, we report aging-related changes in the redox ratio (FAD/NADH) of 
the CA subfields of the hippocampus using fluorescence imaging of intrinsic FAD and NADH 
signals from slices taken from the CBA/CAj mouse. These redox changes are almost totally 
driven by changes in the relative intensity of the FAD signal, were less prominent in CA1, and 
were not seen in the DG, AC or the MGB. The normalized CA2-CA3 redox ratio also correlated 
positively with hearing loss and inversely with cortical thickness, though neither of these 
contributed significantly to this ratio beyond the contribution of aging. Body weight was found to 
independently contribute to the normalized CA2-CA3 redox changes; particularly so in the aging 
animals. These data are consistent with a body of literature demonstrating selective aging-
related vulnerability to oxidative stress in the hippocampus, suggest that peripheral hearing loss 
and hippocampal redox changes may share common mechanisms, and point to the possibility 




 The process of perfusing a mouse and cutting brain slices almost certainly introduces 
significant metabolic stress in brain tissue, and, in fact, we have previously shown that certain 
portions of the slice do not survive this trauma (Llano, Slater et al. 2014). In addition, there have 
been numerous previous studies demonstrating that the aging brain, particularly the 
hippocampus, is highly sensitive to metabolic insults (El Mohsen, Iravani et al. 2005; Siqueira, 
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Fochesatto et al. 2005; Navarro, López-Cepero et al. 2008; Parihar, Kunz et al. 2008; Huang, 
Leu et al. 2015). Therefore, it is possible that the aging-related differences in the CA2 and CA3 
redox state seen in the current study are driven by the metabolic stress induced by the 
production of brain slices, and may not reflect differences that would be seen in situ in a living 
organism. The finding that the aging-related increase in redox ratio is isolated to a particular 
layer of the hippocampus suggests that, at the very least, our results are not related to global 
metabolic stress on tissue caused by the slicing process.  However, it is possible that our results 
are the result of some combination of intrinsic differences in the redox state of CA2 and CA3 
neurons, and redox changes in selectively vulnerable neurons that were induced by the slicing 
process. This question could be answered with the development of a method to provide high-
resolution redox imaging of deep tissues in vivo, which, to our knowledge, is not yet possible. 
 Another methodological consideration is that the cellular source of the FAD and NADH 
signals observed in this study are not yet known. It has been speculated that most of the FAD 
signal seen in the brain is from neuronal, rather than glial, origin (Husson and Issa 2009). This is 
because, at least in the primate visual cortex, it has been shown that approximately 2% of the 
mitochondria are found in glia, and the rest are found in dendrites (Wong-Riley 1989). However, 
other work has demonstrated that at least part of the FAD signal seen in vivo in the cerebellar 
cortex after electrical stimulation is of glial origin (Reinert, Gao et al. 2007). Neither of these 
studies examined the potential glial contribution to FAD or NADH autofluoresence signals in the 
hippocampus. Therefore the potential contribution of cell type to the current results remains 
unknown. 
 Finally, as a correlative study, no specific interventions were done in the current work to 
determine if causal relationships exist between any of the measured variables. For example, in 
future work, it would be interesting to specifically induce hearing loss or body weight changes in 
an experimental animal and ask if either of these two alter hippocampal redox ratios.  
 
Implications for hippocampal function and aging 
 
 The current data add to a growing body of literature demonstrating aging-related 
increases in mitochondrial dysfunction and that this dysfunction is particularly notable in the 
hippocampus (El Mohsen, Iravani et al. 2005; Siqueira, Fochesatto et al. 2005; Parihar and 
Brewer 2007; Navarro, López-Cepero et al. 2008; Parihar, Kunz et al. 2008; Huang, Leu et al. 
2015). One difference between our work and at least one other study is that the aging-related 
changes in the current study appear to be driven by a rise in the FAD signal, rather than 
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changes in the NADH signal seen in cultured hippocampal neurons (Parihar, Kunz et al. 2008).  
The differences between our findings and those of previous investigators may be related to the 
different approaches used. As mentioned above, it is likely that each method used to measure 
oxidative stress in brain tissue (brain slicing, cell culture, tissue homogenization), introduces 
new metabolic insults which may be reflected in the redox state of the tissue. 
 Peripheral hearing loss is strongly epidemiologically linked to aging-related cognitive 
changes (Lin, Ferrucci et al. 2011; Lin, Metter et al. 2011) and, consistent with this finding, the 
current data also suggest that hearing loss is correlated with hippocampal redox changes. The 
current data provide no additional evidence that natural hearing loss (presbycusis), which is 
highly correlated with age, contributes independently to redox changes. This stands in potential 
contrast with previous studies demonstrating that direct induction of acoustic trauma using noise 
stimuli also produce general cognitive changes in experimental animals (Cernak, Wang et al. 
2001; Cui, Wu et al. 2012). It is important to note in this context that the relationship, if any, 
between the redox changes seen in CA2 and CA3 in the current study, and cognitive 
performance, is not yet known. The alternative hypothesis, that hearing loss and hippocampal 
changes share a common metabolic etiology, is more consistent with current data and other 
previous work. Recent studies have demonstrated increases in markers of metabolic stress in 
the peripheral hearing apparatus seen during presbycusis (Jiang, Talaska et al. 2007; 
Yamasoba, Someya et al. 2007). These data suggest that aging is associated with metabolic 
stress, which impacts both the peripheral hearing apparatus and the hippocampus. In the 
current study, we observed that body weight is inversely correlated with hearing loss and with 
CA2-CA3 redox ratio, but only in the aged animals (Figure 3.5). This finding was unexpected 
given the body of literature demonstrating cognitive, hearing and lifespan benefits of caloric 
restriction (Sohal and Weindruch 1996; Someya, Yamasoba et al. 2007). Under normal 
conditions, body weight increases with age in mice, but then drifts downward at the oldest ages 
(Samorajski, Delaney et al. 1985; Goodrick, Ingram et al. 1990; Piantanelli, Zaia et al. 2001; 
Miller, Harper et al. 2002). Although lower body weights at mid-life may predict better late-life 
health outcomes in rodents, this relationship weakens for body weights measured once animals 
are senescent (Piantanelli, Zaia et al. 2001; Miller, Harper et al. 2002) and shows variability 
based on strain and specific health outcomes measured (Anisimov, Arbeev et al. 2004). 
Therefore, one potential explanation of these data is that older, lighter animals may be generally 
less healthy, manifesting in lowered body weight, worsened hearing, and higher hippocampal 
redox ratios. Alternatively, it is possible that lowered body weight represents a compensatory 
mechanism on the part of the animal to counteract neural and hearing dysfunction by 
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diminishing caloric intake. Further studies involving measurements of other determinants of 
metabolic health and calorie consumption or studies using induction of caloric restriction and 
observation of changes in redox ratio and hearing function correlations will help to answer these 
questions. 
 The mechanism(s) underlying the aging-related elevation of the FAD/NADH ratio in the 
stratum pyramidale of the CA portions of the hippocampus are not yet known. The hippocampus 
is home to multiple forms of synaptic plasticity which may involve elevations of intracellular 
calcium and the necessary production of reactive oxygen species (ROS), placing hippocampal 
neurons at general risk for oxidative stress (Hu, Serrano et al. 2006; Paula-Lima, Adasme et al. 
2014). Intrinsic ROS-scavenging defenses undergo changes over the lifespan (Serrano and 
Klann 2004), leaving the hippocampus more vulnerable to ROS during aging (El Mohsen, 
Iravani et al. 2005; Rodrigues Siqueira, Fochesatto et al. 2005). The hippocampus also displays 
aging-related changes in the production of enzymes needed for oxidative phosphorylation. The 
main enzymes involved in activity-dependent FAD oxidation (and therefore increase in FAD 
fluorescence) are the pyruvate decarboxylase complex and the enzymes of complex I and 
complex II of oxidative phosphorylation (Husson and Issa 2009). The stratum pyramidale of the 
hippocampus, in particular, expresses high levels of complex I enzymes (Manczak, Jung et al. 
2005), however these enzymes also undergo complex aging-related changes (Navarro, López-
Cepero et al. 2008), with one group of investigators suggesting that aging-related increases in 
complex I activity may be compensatory (Manczak, Jung et al. 2005). These data suggest that 
the aging-related elevations seen in the FAD signal could be a consequence of these 
compensatory increases, though one would also expect there to be a concomitant drop in the 
NADH signal, given the role of complex I in oxidizing NADH. Alternatively, rather than a 
compensatory response, a tonic shift in the redox potential may be driven by aging-related 
mitochondrial dysfunction and an increased supply of ROS. Such a shift in redox potential would 
lead to a larger proportion of FADH2 and NADH molecules to exist in their oxidized forms, 
leading to an increase in the FAD/NADH ratio in tissues most sensitive to oxidative stress. Such 
vulnerable tissues would include hippocampal neurons, as described above, and cells in the 
peripheral hearing apparatus, whose dysfunction would lead to hearing loss (Staecker 2001; 
Jiang, Talaska et al. 2007; L Poirrier, Pincemail et al. 2010).  This hypothesis would be 
consistent with our observations that hearing loss is correlated with hippocampal redox changes 
with aging (Figure 3.4). Neither explanation adequately accounts for the absence in NADH 
signal change with aging, unless changes in NADH fluorescence are an insensitive marker 
compared to FAD. To our knowledge, this has not been studied systematically. However, we 
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have previously observed that FAD signal changes are substantially larger than NADH signal 




 The current data extend previous work demonstrating aging-related changes in the 
redox state of the hippocampus. This increased vulnerability of the hippocampus relative to 
other brain structures may be responsible for the early aging-related losses in hippocampal 
volume, loss of episodic memory and susceptibility to neurotoxic insults, such as to glutamate or 
amyloid beta, the agent found to be widely deposited in the brain in Alzheimer Disease (Brewer, 
Torricelli et al. 2010). Further, the current studies represent an additional approach to measure 
quantitative hippocampal redox ratio in living tissue with major portions of hippocampal circuitry 
retained. This approach may permit future studies that examine the relationship between aging, 
hippocampal redox state and the function of neural circuits within the hippocampus.  
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CHAPTER 4: CHANGES IN REDOX STATUS AND LIPOFUSCIN 
CONCENTRATIONS WITH AGE IN BRAIN TISSUES OF WILDTYPE AND POLG 
MICE 
 
4.1 HYPOTHESES TO BE TESTED 
In order of importance: 
 1. The CA3 Normalized Redox Ratio will be significantly higher in the brains of aged 
 mice than in young mice. This is a replication and extension of the results presented in 
 Chapter 3. 
2. The CA3 Normalized Redox Ratio in brains of PolG mutant mice should have a redox 
potential immediately before their early death equivalent to the redox potential 
immediately before death in wild-type mice. 
3. Lipofuscin granule counts will be significantly higher in brains of aged mice than in 
young mice. 
4. Lipofuscin granule counts in the brains of PolG mutant mice near the end of their 
lifespan should be comparable to counts in wild-type mice near the end of their lifespan. 
 
 Figure 4.1 shows how the expected results should appear if hypotheses 1 and 2 above 
are found to be true for the CA2-CA3 Normalized Redox Ratio. Similar results should be 
apparent for lipofuscin granule counts. 
 
Figure 4.1: Hypothesized increase in the redox potential of the hippocampus as a function of 
age in months in the PolG mouse model of advanced mitochondrial aging. The red line shows 




4.2 INTRODUCTION: CONTEXT AND RELEVANT BACKGROUND 
 
 The causes of aging in the brain are complex, varied, and highly interdependent. 
Approaches, therefore, which can identify those brain areas most sensitive to aging while 
simultaneously providing information relating to its mechanism, are sorely needed. 
Investigations should focus on the most vulnerable areas first and the investigation of core 
mechanisms which underlie their dysfunction. Those core mechanisms which are also 
therapeutically targetable are the holy grail of aging research. In the present work, we extend 
our finding that the CA3 region of the hippocampus is particularly susceptible to aging and test if 




 Aging is associated with the diminished ability of mitochondria to both produce ATP and 
to control the production of free radical molecules. For example, levels of enzymes of the 
tricarboxylic acid cycle (Yarian, Toroser et al. 2006), enzymes that convert ketone bodies to 
acetyl-coenzyme A (Lam, Yin et al. 2009), as well as the functioning of the electron transport 
chain (Beckman and Ames 1998; Kwong and Sohal 2000; Navarro and Boveris 2004; Navarro 
and Boveris 2006; Navarro and Boveris 2007; Navarro, López-Cepero et al. 2008), all diminish 
with aging. Loss of electron transport function also diminishes the mitochondrial inner 
membrane potential (Sastre, Millan et al. 1998; LaFrance, Brustovetsky et al. 2005). Thus, 
aging mitochondria have a lowered efficiency in producing the ATP necessary to fuel highly 
metabolically active tissues such as the brain. In addition to the decrease in ATP production, 
aging mitochondria produce superoxide anion and hydrogen peroxide at increased rates 
compared to younger mitochondria (Sohal, Agarwal et al. 1994; Lass, Sohal et al. 1998). In 
addition, the levels of endogenous anti-oxidant molecules diminish with aging (Rebrin, 
Kamzalov et al. 2003; Rebrin, Forster et al. 2007). When the mPTP pore detects stress, it 
opens, causing the cell to die by either necroptosis or apoptosis (Ankarcrona, Dypbukt et al. 
1995; Wallace, Shoffner et al. 1995; Kalogeris, Baines et al. 2012). These changes lead to an 
aging-related shift in the redox state of cells, such that metabolically vulnerable tissues tend to 
oxidize as they age. There is also considerable evidence that mitochondrial dysfunction and 
mitochondrial induction of apoptosis are important factors in presbycusis (Someya, Xu et al. 
2009; Someya and Prolla 2010; Someya, Tanokura et al. 2010; Someya, Yu et al. 2010). 
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Use of PolG mouse aging model 
 
 We have chosen to additionally use the PolG mouse model of aging to validate this slice 
imaging method because the PolG mouse lifespan is approximately half that of normal mice, 
critically accelerating long and expensive aging studies, and because these mice display 
multiple features, including hearing loss, which closely resemble normal aging and are mediated 
by mitochondrial apoptotic cell death (Trifunovic, Wredenberg et al. 2004; Kujoth, Hiona et al. 
2005; Someya, Yamasoba et al. 2008; Hiona, Sanz et al. 2010; Joseph, Adhihetty et al. 2013). 
This multitude of features is due to a single cause, a mutation in the proofreading portion of 
DNA polymerase gamma which transcribes the mitochondrial genome and produces random 
mDNA errors, ultimately leading to a loss of cellularity by apoptosis. This single cause makes 
results from the model more interpretable as they represent features of purely mitochondrial 
aging. The PolG mice may also be more subject to metabolic stress due to their dysfunctional 
mitochondria and thus more likely to show differences relative to wild-type controls when using 
our metabolic imaging paradigm. 
 Finally, the PolG phenotype has been shown to be rescuable by exercise, nearly 
restoring both its life and healthspan (Safdar, Bourgeois et al. 2011). Exercise although 
biochemically complex, can be thought of as a single categorical intervention that appears to 
target many of the crucial aspects of aging simultaneously. This recovery is thought to be 
mediated by PGC-1α, the master controller of mitochondrial biogenesis, which replaces older, 
damaged mitochondria. It is also an important regulator of glucose homeostasis and 
mitochondrial density in both muscle and neurons and likely mediates increases in mitochondria 
in various brain regions due to exercise (Rodgers, Lerin et al. 2005; Rohas, St-Pierre et al. 
2007; Wareski, Vaarmann et al. 2009; Safdar, Little et al. 2011). Since the reversal of non-CNS 
aging has already been shown, the PolG model presents an opportunity to understand if and 
how exercise may prevent ‘mitochondrial specific’ aging in the brain. Thus, obvious follow-up 
studies would include exercise interventions and determine to what extent the PolG mouse 
shows brain aging commensurate with its corporeal aging and to what extent brain aging can be 
reversed as corporeal aging was with exercise. More practically, if our methods cannot separate 
aged from non-aged or PolG from non-PolG mice, it would probably not be very useful. If PolG 
mice do not recapitulate normal aging profiles in the brain, they may not be particularly useful as 
a model for brain aging. Ultimately, if our metric of the CA3 normalized redox potential exists in 
PolG mice, it can be used to study the protective effects of interventions on the brain. 
62 
 
Redox imaging (Figure 4.2) 
 
 Every cell has two primary energy-carrying molecules that ultimately generate ATP, 
FADH2, and NADH (reducing equivalents), which store high energy electrons and ultimately 
deliver protons to the electron transport chain in the mitochondria. Fortuitously, oxidized FAD 
and reduced NADH both naturally fluoresce while their conjugates, FADH2 and NAD
+, do not. I 
and others have used the ratio of FAD to NADH in tissue to measure oxidative stress across 
multiple tissue types, including brain (Mayevsky 1984; Gerich, Hepp et al. 2006; Parihar, Kunz 
et al. 2008; Gerich, Funke et al. 2009; Ranji, Matsubara et al. 2009; Maleki, Sepehr et al. 2012; 
Salehpour, Ghanian et al. 2015; Stebbings, Choi et al. 2016; Ibrahim, Wang et al. 2017). Earlier 
approaches have measured redox state via direct respirometry in homogenized tissue (Kudin, 
Kudina et al. 2002; Lores-Arnaiz, Perazzo et al. 2005). This earlier approach, which measures 
oxygen consumption directly, is a destructive technique with poor spatial resolution. The use of 
imaging-based techniques permits the measurement of redox state with high spatial resolution 
in a manner that preserves the ability to do further experimentation on the tissue. 
 Oxidized FAD and reduced NADH are endogenously fluorescent under blue and UV light 
respectively. Dividing images taken with these two illuminations yields an image with high 






Figure 4.2: Oxidized FAD and reduced NADH are endogenously fluorescent under Blue and 
UV light respectively. Dividing images taken with these 2 illuminations yields an image with high 
spatial resolution of the redox potential of various brain regions. Scale bar and all subsequent 
scale bars are 1mm.  
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Mechanisms of cell injury due to hypoxia and reperfusion 
 
 It is not possible to image the redox status of the brain without extracting it from the 
skull. Some interruption in blood supply and/or flow is inevitable in this process. This temporary 
lack of blood flow (ischemia) has several means of damaging cells, including alteration of the 
cell redox potential and production of ROS. Although most if not all occurrences of ischemia are 
also hypoxic, in experimental preparations, hypoxia may occur without ischemia. The presence 
of several components of the blood which cause unique damage makes it functionally distinct. 
Here I discuss, briefly, the complex mechanisms by which ischemia is thought to cause tissue 
damage. 
 Ischemic injury from vascular occlusion is a leading cause of death in the aged across 
the globe. Of all organs, the brain is the most sensitive to loss of blood supply, likely due to it 
having the highest metabolic activity per unit weight of any organ, and its reliance on a constant 
supply of glucose for energy with low capacity to store energy locally. As little as 5 minutes 
without oxygen can cause death in neurons in several sensitive brain regions (Lee, Grabb et al. 
2000). This susceptibility is further compounded by excessive extracellular accumulation of 
glutamate outside the cell during hypoxia, which increases excitotoxicity by the excessive influx 
of cations, particularly through NMDA receptors which are highly permeable to Ca2+. 
 The administration of kainic acid which is an agonist of ionotropic glutamate receptors, 
has been used primarily as a model of epilepsy but also excitotoxic cell death. Administration of 
kainic acid in certain strains of mice and rats causes significant brain cell death In the 
hippocampus this sensitivity seems to be region specific, with the most pronounced effects in 
CA3 (Schauwecker and Steward 1997). In susceptible strains, the processes associated with 
aging increase this sensitivity (McCord, Lorenzana et al. 2008; Calvo, Sanz-Blasco et al. 2015). 
However, not all cell populations increase their sensitivity with age (Shetty, Hattiangady et al. 
2009).  This susceptibility may be due to an increased susceptibility to apoptosis despite 
comparable increases in Ca2+ (Calvo, Sanz-Blasco et al. 2015). This specific mechanism of 
excitotoxicity may be less applicable in our studies as C57BL/6 mice are highly resistant to 
kainic acid induced seizures (Schauwecker and Steward 1997). 
 Although death and dysfunction to tissue from prolonged hypoxia seem intuitive, there is 
also damage caused upon the reintroduction of oxygen and with reperfusion of blood vessels. 
Collectively, these processes are known as “Ischemia Reperfusion Injury” aka I/R injury. This 
means that damage following hypoxia can counterintuitively oxidative upon reoxygenation. 
Fundamental features in the response to I/R include release of ROS, cytokines, and 
chemokines from activated endothelium and tissue-resident macrophages and mast cells, 
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recruitment, activation and endothelial adhesion/emigration of neutrophils, and other formed 
elements in the blood, endothelial dysfunction and parenchymal injury (Kalogeris, Baines et al. 
2012). Although a large component of I/R injury occurs via activation of the immune system, it is 
not clear how this relates the current work because most of the immune cells in the vasculature 
are likely washed out or deactivated during the transcranial perfusion in our experiments 
(Linfert, Chowdhry et al. 2009). 
 Damage from hypoxia begins largely from cells attempting to maintain pH. The shift to 
anaerobic metabolism causes the cell to acidify. The Na+/H+ exchanger attempts to restore this 
balance by using energy from Na+ stored in its concentration gradient to pump H+ from the cell. 
The lack of ATP available diminishes Na+/K+ ATPase and Ca2+ pump activity preventing Na+ 
and Ca+ from leaving the cell. Ca2+ also builds up in the cell due to release from the 
endoplasmic reticulum and mitochondria as well as active influx from the extracellular 
environment which may ultimately open mPTP pore, triggering cell death (Kalogeris, Baines et 
al. 2012). The mPTP is actually closed during ischemia by inhibition due to low pH. However, 
upon reperfusion, elevated Ca2+ levels alone are sufficient to trigger its opening, while several 




 During reperfusion in vivo, the H+ outside the cell declines further increasing the 
exchange of H+ for Na+. Intracellular concentrations of both Na+ and Ca2+ influx increase further. 
The influx of oxygen into previously ischemic tissues, although essential to support cellular 
metabolism, fuels the formation of ROS by enzymes such as xanthine oxidase and NADPH 
oxidase (Battelli, Buonamici et al. 1998). 
 Other mediators of reperfusion damage include swelling from excessive Na+ in the cell 
and potential activation of apoptosis due to elevated Ca2+. Ultimately, the balance of these 
processes can steer the final response to necroptosis and apoptosis, both of which share some 
dependence on the mPTP for their effect and which may be differentially at play in the PolG 
model of aging, which naturally shows increased apoptosis across several tissues (Kujoth, 
Hiona et al. 2005). The level of initial mitochondrial function can be the determining factor in 
which pathway is chosen, and in our preparation, there may have a mix of both mechanisms 
(Ankarcrona, Dypbukt et al. 1995). 
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Spleen weight as a metric of aging and pathology 
  
 Spleen weight may seem to be an unusual choice as a metric of aging, but it has distinct 
advantages in relation to validating the PolG phenotype in our mice and as an indicator of 
varying health, particularly in old animals. Splenomegaly appears to be a defining feature of 
PolG mice and of animals with active infection or tumor growth. 
 The spleen has a variety of functions revolving around blood cell maintenance. It acts as 
a filter for blood-borne pathogens and antigens while regulating iron metabolism and erythrocyte 
homeostasis. In mice, it may also have hematopoietic functions such as monocyte production, 
particularly in relation to local and global immune response to infection. Multiple pathologies 
such as infections, vascular alterations, autoimmune disorders, hematologic malignancies and 
metabolic syndromes can cause splenic enlargement in mice (Bronte and Pittet 2013). 
 Splenic changes in response to naturally generated or inoculated tumors have been 
known for nearly a century. In normal mice, spleen weight increases with body weight in an 
approximately linear fashion. Injecting mice with the blood of mice with Ehrlich’s carcinoma 
causes increases in spleen weight while blood from control animals does not. Spleen weights in 
these animals are significantly positively correlated with tumor weights and, as in the present 
study, were measured wet and not normalized to body weight (Murata 1959). 
 Findings of splenomegaly in response to virus inoculation are fairly consistent in their 
degree of increase. In interferon receptor knockout mice used in models of Tacarbe virus 
infection, spleen weights significantly increase in weight starting 6 days post infection and begin 
to normalize after 10 days. Spleens weigh approximately 50 milligrams at baseline and 125 
milligrams during peak splenomegaly (Sefing, Wong et al. 2013). Similar increases from a 
baseline of 50 milligrams to between.125-200 milligrams are seen in mice infected with murine 
AIDS (Clouser, Holtz et al. 2012). Other immune system related organs, such as thymus, 
increase with both body weight and age in mice (Simpson and Spears 1973). 
 
Exploration of spleen weight as a biomarker in the current study 
 
 Given our use of old animals, it is possible that any changes seen in such animals could 
be due to the presence of infection, tumor or other pathology. In as far as spleen weight may be 
used as an indicator of pathology (PolG, infection, cancer), it can be explored through multiple 
regressions using spleen weight as a dependent variable. 
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 However, spleen weight measurements are known to be high in PolG mice, particularly 
when considered relative to their generally low body weights. This appears to be a consistent 
and defining feature of the phenotype. One complication in our analyses is that the four 
experimental groups (young, old, PolG(-/-), and PolG (+/+) have highly differing age distributions. 
In any model investigating the effect of spleen size as a surrogate marker of general pathology, 
any effect of the PolG genotype on spleen weight seen should be further investigated for 
confounding by age. Ultimately, any examinations of the relationship between spleen weight 
and other metrics may need to be PolG specific. Our prior work has suggested that alternative 
indicators of health such as body weight may be reflected in the hippocampal redox potential. 
Therefore I also decided to look for possible relationships of spleen weight to hippocampal 
redox potential. 
 
Neural pigments and the aging process 
 
 For over a century it has been known that certain cell types in the nervous system 
contain pigments, and that the concentration of these pigments tends to increase with age 
(Brunk and Terman 2002). The two main pigments are neuromelanin and lipofuscin. Although 
both granular in the nature of their deposition, these two pigments differ in several important 
regards, including their biological origins, cellular sequestration patterns, and spectral properties 




 Neuromelanin is produced in a subset of neuronal subtypes and, although not 
completely understood, has been hypothesized to have a role in neuroprotection. Curiously, 
neuromelanin increases in the neurons in which it is expressed until age 60 in humans and then 
declines slightly (Mann and Yates 1974). The substantia nigra was named as such for the 
extremely high levels of neuromelanin in its cells. These cells have the highest levels 
neuromelanin in the brain, and their loss is the defining feature of the family of closely 
associated Parkinsonian dementias (Tribl, Asan et al. 2009). Associations between 
neuromelanin content and cell susceptibility to damage are not clear, although the potential for 
neuroprotective functions has been proposed. Neuromelanin may sequester iron which 
catalyzes the production of the most potent ROS. At low concentrations of iron, neuromelanin 
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may protect cells by sequestration, while are higher levels where it is saturated it may function 




Unlike brown neuromelanin, lipofuscin granules are produced as a consequence of ROS 
damage and insufficient cellular recycling mechanisms. They are also brightly autofluorescent 
and absorb and emit across a wide range of excitation (360 to 647nm) and emission spectra 
(Cho and Hwang 2011; Croce and Bottiroli 2014). Lipofuscin production begins with the normal 
and critical function of autophagy which is performed by lysosomes and is necessary to degrade 
and turn over damaged cellular components. Mitochondria are a primary target of this process 
and their proper degradation and elimination are necessary for the cell to maintain steady 
energy production without the higher ROS levels caused by dysfunctional mitochondria. The 
environment inside the lysosome is acidic and reducing, generating Fe3+ from iron-containing 
metalloproteins, such as cytochromes and ferritin. Iron then reacts with H2O2 to produce a 
hydroxyl radical which does not diffuse but instead oxidizes local contents creating insoluble 
lipofuscin and protein crosslinks which accumulate permanently within the lysosome (Brunk and 
Terman 2002; Cho and Hwang 2011). 
Lipofuscin accumulates with chronological age similarly to neuromelanin, but this rate of 
accumulation has been shown to be sensitive to both oxygen and iron availability. Like 
neuromelanin, lipofuscin binds and accumulates iron (Brunk and Terman 2002). As lipofuscin 
accumulates, physical space and lysosomal enzymes previously available to degrade 
dysfunctional mitochondria are now increasingly directed to a lipofuscin sink. The enlarged, 
dysfunctional mitochondria characteristic of aging gradually displace normal ones due to limited 
space in the cell (Brunk and Terman 2002). It has been proposed that this sequestration, which 
is often in the axon hillock or apical dendrite, is specifically located so as not interfere with 
metabolic processes (Mann and Yates 1974).  
 
The relationship between lipofuscin accumulation and age. 
 
 It has been hypothesized that the ultimate driver of lipofuscin accumulation is the 
metabolism rate and its abundance at any one time is a measure of the sum total of metabolic 
damage over the course of a lifespan. Several lines of evidence from different species may 
suggest this. The most notable property of lipofuscin accumulation is its extraordinarily linear 
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accumulation with chronological age. Nakano et al compared the rates of lipofuscin 
accumulation expressed as the percent area of myocardial cells in humans, Japanese monkeys, 
dogs and crab-eating monkeys (Figure 4.3). Animals with shorter lifespans have faster rates of 
lipofuscin accumulation but converge on a common maximal value. When expressed against 
relative age, the rate of accumulation of granules is the same (Figure 4.4) (Nakano, Mizuno et 
al. 1993).  
Notably different from the accumulation pattern of neuromelanin which was claimed to 
not continue to rise in humans after the 6th decade (Mann and Yates 1974; Mann and Yates 
1974), their corresponding results for lipofuscin show a generally linear increase up through the 
oldest ages (Figure 4.5).  
Nakano et al. show an association between basic metabolic rate estimated by caloric 
input per gram of body weight in different species and the accumulation of lipofuscin granules, 
although the correlation is weak. Given the associations between lifespan, age at first 
reproduction, and reproductive capacity in various species, this suggests a strong and critically 
important effect of the process of domestic breeding which may favor fecundity over long-term 
fitness resulting from a more gradual and controlled metabolism. This has theoretical 
implications for the interpretation of data in laboratory mice.  
 
 
Figure 4.3: Figure 2 from Nakano et al. 1993 showing the rate of lipofuscin accumulation in the 





Figure 4.4:  Figure 3 from Nakano et al. 1993 showing the rate of lipofuscin accumulation in 




Figure 4.5: Figure 5 from Mann and Yates 1974a showing the rate of lipofuscin accumulation in 





Animal grouping and basic metrics 
 
 A total of 52 male and female mice, some wild-type, some PolG, from 2 to 34 months of 
age were used in varying experiments. These were divided into four experimental categories: 
Young (Wild-type), PolG(-/-), PolG(+/+), and Old (Wild-type). All animals were purchased from the 
Jackson Laboratory. Young and old animals were purchased separately and aged in-house for 
at least three months. PolG(+/+) and PolG(-/-) mice were bred in-house from heterozygous breeder 
pairs purchased from the Jackson Laboratory. Whenever possible, PolG(-/-) animals were 
included from the same litter and same sex if available as PolG(+/+) animals. Since PolG mice 
live between 12-18 months they are not available for comparison at the oldest ages. 
To test the expectation that PolG animals will show a hippocampal redox state more like 
older animals, old wild-type animals were needed. These old animals were aged in-house for six 
months. For some analysis intended to specifically look at the role of the PolG mutation, mice 
are treated in only two categories PolG(+/+), and Other (Young Wild-type, PolG (-/-), Old Wild-
type). Not all measured variables were available in all animals; the number of animals in each 
analysis is given as part of the analysis. 
 Figure 4.6 shows the relative age distribution in each mouse group. The ages at the 
testing of mice and mouse pairs were deliberately distributed so that experimenter error and 
experimental drift were not associated with mouse age. This was done also as an attempt to 
control for litter effects, maternal inheritance of mDNA mutations and genetic drift due to 
inbreeding. Due to the difficulty of slice selection and handling, experimental drift is potentially 
one of the largest sources of error in the study. 
 Due to the different appearance (low body weight and hair loss) of PolG(+/+) animals and 
old animals, no attempt was made to blind the experimenter to the experiment. Instead, animals 
from the different groups and of different ages were deliberately distributed evenly over time to 




Spleen and mass measurements 
 
  Animals were weighed after anesthesia but before the cardiac perfusion procedure. 
Spleens were extracted after the perfusion procedure and flash frozen in isopentane and were 
weighed at a later date. 
 
 
Figure 4.6: A) Distribution of ages among the 4 experimental groups. B) Distribution of ages by 
experimental group and sex. C) Summary statistics of the number of animals and age 










Slicing and imaging 
 




Figure 4.7: A) Coronal slices from two rostro-caudal levels are taken, and coronal half-sections 
are placed next to each other for redox imaging. B) Allen brain atlas image of the same sections 
in A used in most of the document. Note: the figure has 2 compass orientations, one for each 
half (D = dorsal, M = medial, L = lateral, V = ventral, R =Rostral, C=Caudal). In several images, 
one half of the slice may be flipped in the dorsal-ventral axis relative to the other in which case it 
cannot be rotated to look like figure B. In these cases the basic outline of the slice makes clear 
what the orientation is. C) FAD image which shows anatomical features more clearly than 
NADH images. D) The redox ratio in this slice visualized as a heat map. The scale bar shows 
the correspondence between pixel color and the redox ratio value. The scale bar is 1mm, as are 





Images were collected using a QImaging Retiga R1 camera and µ Micromanager 
software (https://micro-manager.org/). Experiments were performed with the least amount of 
fluorescence light intensity possible. Illumination from the fluorescence lamp (PriorLumen 200; 
Prior Scientific, Rockland, MA, USA) for all image collection was 25%. The use of high 
numerical macro objectives as previously also reduced the amount of light necessary to image 
the tissue. Two different objectives were used a 4x macro objective (NA 0.28) for imaging of 
lipofuscin granules and 2x macro objective (NA .14) for all other imaging. Camera exposure 
time was uniform at 250ms, while exposure interval was varied (250 ms, 500 ms or 1 second). 
The bit depth was set at 12. Camera binning was set to 2x2 giving a resolution of 680x512 for 
all image collection except imaging of lipofuscin granules where 1x1 binning was employed for 
higher resolution (1360x1024), z stack acquisition. 
 
Lipofuscin granule quantification (Figure 4.8) 
 
 Lipofuscin granules were quantified using FIJI (Schindelin, Arganda-Carreras et al. 
2012). Images were first cropped manually to include as limited a field still containing the 
substantia nigra as possible. Images in the z stack were then collapsed using a maximum 
intensity projection to capture granules at different focal planes. This image was converted to an 
8 bit image, then thresholded by an algorithm which selected the top .00585 percent of pixel 
values. Particles were analyzed using the Analyze particles function in ImageJ. Particles were 
characterized as having between 5-100 pixels and a circularity values between 0.5 and 1. Total 
particle counts and the percent area of the image are reported. For specific identification of 
lipofuscin granules, 
  TrueBlack® (Biotium) was used to specifically quench lipofuscin granules. Hippocampal 
sections from a 20-month-old animal were taken at a thickness of 40µm. One of two adjacent 
sections was treated with TrueBlack® to quench lipofuscin fluorescence. Excitation and 
emission values were performed as previously described, except for green fluorescence which 
was imaged with a standard Texas red filter set (excitation 542-582 & emission 604-644_nm) 




Figure 4.8: A) Slice from an old animal at 2x magnification and 2x2 binning with lipofuscin 
accumulation with indications of various anatomical regions. B) Same slice at 4x magnification 
and 1x1 binning image of substantia nigra for purposes of lipofuscin quantification. C) Cropping 
restricted to the substantia nigra used for particle analysis of lipofuscin granules. All scale bars 
1mm. 
 
Basic redox analysis  
 
 To calculate the redox potential in certain parts of the tissue, masks are defined in 
ImageJ and saved as greyscale images. Custom Python scripts first divide FAD images by 
NADH images to generate an image of the ratio. The program takes the average pixel values in 
the mask and outputs this into matrix form. FAD and NADH values are generated individually so 
that raw values are retained from each. The final ratio can be altered by changes in either value 
and so in some cases it is important to know the values individually.  
 
Blinding of masks 
 
 Mask selection also presents an opportunity for bias in experiments, but automation of 
mask selection may not be possible in all circumstances and was not attempted. Instead, data 
from imaging experiments were de-identified and made by a second experimenter not 
experienced in the imaging procedure. 
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Masks for CA3 normalized redox potential 
 
  The CA3 region of the hippocampus changes shape drastically depending on the plane 
of the slice taken. Therefore, it is important to select, consistently, the same region of CA3. 
Selection criteria can be most easily be expressed as attempting to select the brightest and 
most sharply defined regions of CA3 at the earliest time points in oxygenated conditions before 
exposure to hypoxia (Figure 4.9). The presentation of the strip is best in slice orientations which 
cut perpendicularly through CA3 and where the cells are most compact. In our hands, these are 
generally restricted to coronal slices with orientations corresponding to section 80-84 of the 
coronal Allan Brain Atlas (Lein, Hawrylycz et al. 2007). As long as all slices (1-3) were available, 
an index of redox potential exists for each slice. The most positive CA3 normalized redox 
potential was selected from each of the 3 slices for each animal and was used in all subsequent 
analysis. In general, we have found that the best way to reduce variance is to select only the 
brightest parts of CA3 in each slice and then chose the brightest of the slices available post hoc.  
 
 
Figure 4.9: How the CA3 normalized redox ratio is generated A) Example slice from an old 
animal showing bright FAD signal in the CA3 region of the hippocampus. B) Enlargement of the 
CA3 region showing how the mask is drawn without expanding beyond the confines of the CA3 
region (On strip mask). C) The same region depicting the "on mask" moved lateral of the CA3 
region. This is the “Off CA3 mask”. Note that placement of the ‘off’ mask is not nearly as 
sensitive as placement of the ‘on’ mask. D) These pixel values in these areas are then divided 





 In most of the analyses, the number of animals in each group differed substantially and 
the variances were also highly different. Further, not all measured variables were available in 
each animal. For this reason, a mixed model which can account for differing variances, missing 
data, and unequal replication was used in subsequent analysis. 
 For comparisons of mean values of animal weight, spleen weight, and lipofuscin granule 
accumulation, the Satterthwaite correction for unequal sample size was employed and the 
Tukey-Kramer adjustment for multiple comparisons was used to correct for Type I error and 
generate an exact P value. 
 Multiple linear regression analysis also employed the mixed model for the same reasons 
but without the aforementioned corrections. In some analyses experimental group (4 levels) 
and/or sex (2 levels) were included as a class variable, but not in the regression. In all cases, 
Type III sum of squares, which do not consider the order of variables in the regression, are 
reported. When testing for the effects of the PolG mutation specifically, young, PolG(-/-) and old 
animals were subsumed into the ‘Wild-type’ group, which refers only to the lack of the PolG 
mutation in these animals. Simple linear regression is used where indicated. 
 
4.4 RESULTS  
 
Spleen and mass measurements 
 
 Overall, models showed significant ( p < 0.0005) differences in both weight and spleen 
weight by group. Pairwise comparisons show that body weight was different between PolG+ 
and Old animals ( p <0.0001), PolG(+/+)and PolG(-/-) animal (p <0.0005) and PolG(+/+) and Young 
animals (p <0.0007) (Figure 4.10A). Spleen weights were different between PolG(+/+) and PolG(-
/-) (p <0.0002) and PolG(+/+) and Young (p <0.0006) (Figure 4.10B). Given the large differences 
in body weight and spleen weight in PolG(+/+) animals relative to other groups due to the 
genotype, the effect of the PolG mutation was included in all further regression analyses of 
variables regressed with spleen or body weight. Body Weight is not significantly associated with 
age with or without correction for the PolG genotype, which is significant on its own (p <0.0001) 
(Figure 4.10C). Spleen weight is not significantly associated with age (p =0.079) without the 
inclusion of genotype. When the PolG mutation is factored in (Genotype = p <0.0001) age is 




Figure 4.10: A&B) Experimental group based comparisons of body weight and spleen weight. 
C&D) Association of body weight and spleen weight with age. Overall regression lines are 
displayed in blue. Regression for PolG(+/+) animals displayed in green. 
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Lipofuscin granule accumulation in the substantia nigra 
 
 Differences in lipofuscin granule accumulation by group are prominent upon basic visual 
inspection (Figure 4.11). Accumulations are much higher in old animals and most prominent in 
the lateral/ventral portion of the substantia nigra. Analysis by the number of particles and by the 
percent area occupied by particles show a similar pattern: there are very low levels of 
accumulation in PolG(+/+), PolG(-/-) and Young animals and much higher levels in old animals 
(Figure 4.12). Analysis of both particle count and percent area of lipofuscin granules was 
significantly by group (p <0.001). Pairwise comparisons show the old group has significantly 
more particles than all other groups (all comparisons p <0.001), but that no other groups differ 
from each other (threshold p <0.05). Percent area occupied by lipofuscin granules also differs 
by group (p <0.05) with pairwise comparisons showing significant differences between the old 
and all other groups (p <0.05) with no other comparisons being significant. Regression with age 









Figure 4.11: Images of the substantia nigra (delineated by the dotted line) at 4x magnification of 
2 animals from each experimental group. Old animals show obvious large granular inclusions 




Figure 4.12: Analysis of lipofuscin granule particle counts and percent area occupied (Young 
n=6, PolG(-/-) n=6, PolG(+/+) n=5, Old n=6). A) Particle count pairwise comparisons show the old 
group has significantly more particles than all other groups (all comparisons p <0.001), but that 
no other groups differ from each other (threshold p <0.05). B) Percent area occupied by 
lipofuscin granules also differs by group (p <0.05) with pairwise comparisons showing significant 
differences between the old cohort and all other groups (p <0.05) with no other comparisons 
being significant. Regression with age is highly significant for both measures but is largely 
driven by the effect in old animals ( p <0.001). 
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 Potential lipofuscin granules interference with redox signal 
 
 Of additional concern would be large and significant localized changes in auto-
fluorescent molecules with age. While looking at sections of fixed, aged tissue, I noticed what 
appeared to be granular inclusions in cells precisely in the pattern of CA3 and CA2, but not 
CA1, identical to the hippocampal redox potential explored in section 3. These were very likely 
to also be lipofuscin granules (Few and Getty 1967; Goyal 1982; Amano 1986; Gray and Woulfe 
2005). In addition, their accumulation in these regions of the hippocampus with age had already 
been published and followed the same pattern of relative intensity as our redox results with CA2 
being the most oxidized, CA3 being next most and CA1 not being strongly oxidized (Thal and 
Schlote 1994).  
 Figure 4.13 shows the pattern of lipofuscin granule distribution in the auditory 
thalamocortical orientation (see chapters 2&3 for slice orientation) of the hippocampus in an old 
animal. Note the distinct lack of accumulation in the dentate gyrus and CA1 regions. As was 
shown in chapter 3, the brightness in the CA3 and CA2 regions of the hippocampus exists 
purely in the FAD signal and not in the NADH. Figure 4.13 (A-C) shows clear fluorescence of 
lipofuscin granules under several different excitation and emission spectra. To test if these were 
lipofuscin specifically, the lipofuscin granule quencher, TrueBlack was employed. Lipofuscin 
granules present an almost identical relative fluorescent pattern under a range of excitation and 
emission spectra. The TrueBlack®(Biotium) quencher completely abolishes the relative intensity 
of these signals while revealing the architecture of tissue cellularity as well, confirming that 
lipofuscin granules clearly end at the juncture between CA2 and CA1. Indeed lipofuscin 
granules seem to show almost no accumulation in CA1 and quenching with TrueBlack® 






Figure 4.13: A-C) Fixed tissue sections with lipofuscin granules in CA3 and CA2 but not CA1 in 
the same slice with UV 350nm (A), Blue 470nm (B), and Green 594nm (C) excitation. Arrows 
refer to the juncture between CA1 and CA2. D-F) Fixed tissue sections with TrueBlack lipofuscin 
quencher. No lipofuscin granules are visible, but rather the cytoarchitecture of the hippocampus 
becomes clear indicating both the uneven anatomical distribution of the granules, as well as 
their specific identity. G) Identification of various anatomical areas of the hippocampus. Scale 
bar = 1mm. Compass, M = medial, L = lateral, C = caudal, R = rostral. 
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The CA3 normalized redox ratio (hypothesis 2) 
 
Effects of chronological age, PolG mutation status, and sex 
 
 As described in methods the highest value out of the three slices for the CA3 normalized 
redox ratio was selected for each animal. This ratio was then regressed against the age of mice 
in months using simple linear regression. The relationship is highly significant (p < 0.0001, R2 
=0.8879, n =51) (Figure 4.14). Mixed models show a predominating effect of age (p < 0.0001) 
but no effect of group (p = 0.4241) (Table 4.1) or sex (p = 0.1) (Table 4.1) and importantly, PolG 
mutation (p = 0.2726). These results are summarized in Table 4.1. There is no evidence, 
therefore, for the hypothesis that the PolG mutation increased the CA3 Normalized Redox Ratio 
in a manner proportional to lifespan in PolG mice.  
 I next sought to understand if variables that may contain information about biological age 
added significantly to the predictive value of age alone. There is no a priori reason why 
chronological age should take precedence over measured variables that may indicate biological 
age to some degree like spleen weight or lipofuscin accumulation, therefore primary models 
included these alone and secondary models included age. It also possible that these 
associations could only be seen within a group. Groups were therefore partitioned into Old 
animals, PolG(+/+) animals and all animals other than PolG(+/+) animals. The two lipofuscin 
variables are largely redundant and so only percent area was included as it may theoretically 
relate more to total lipofuscin accumulation. Table 4.2 summarizes the results. The association 
between CA3 normalized Redox Ratio and Lipofuscin percent area was improved after the 
inclusion of age, however, the final significance was marginal ( p = 0.04). In the old group, the 
association between body weight and CA3 redox potential was insignificant before the inclusion 
of age (Body weight p = 0.23), but significant after (Body weight p = 0.026, Age p = 0.0041). 
However, these values are not corrected for multiple comparisons. All other associations 
became insignificant when age was included in the model, suggesting they do not add 
predictive capacity beyond age. Collinearity is not likely a problem for spleen weight and body 
weight as they have correlation coefficients below 0.4. Lipofuscin percent area is marginal for 




Figure 4.14: CA3 normalized redox ratio as a function of age and group. 
 
Figure 4.15: CA3 normalized redox ratio as a function of age and sex. Individual points are 
colorized by group, but labeled by sex.  
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Effect of alternative indices of biological age: body mass, spleen weight, lipofuscin 
granule percent area 
 
Numeric    
p value
Model
Class Variables in 
Model






1 Group 4 Old, PolG (+/+), PolG(-/-) Young <.0001 0.4241
2 Sex 2 Male, Female <.0001 0.0995
3 Group + Sex 4,2 Type of animal & Sex <.0001 0.8744 0.2714
4 PolG Status 2 PolG(+/+),   [Young, PolG (-/-), Old] <.0001 0.2726
5 PolG Status + Sex 2,2
PolG
(+/+)





Effects of the PolG
(+/+)
 Mutation on the Relationship Between CA3 Redox Potential 
and Age
Mixed Models of Age VS CA3 Redox ratio (N=51) Class Variable p value
 
Table 4.1: Mixed model analysis of the effects of various group status on the relationship 
between the CA3 normalized redox ratio and age. Note that the marginally significant effect of 





























Spleen Weight 0.955 0.4812 0.0352 0.0618 0.0163 0.7811 0.2882 0.9297 0.0271 0.4821 0.1074 0.8455
Age 0.0181 0.2589 0.0281 0.2339 <.0001 0.0006
Body mass 0.2127 0.0256 0.5423 0.9713 0.001 0.3703 0.0924 0.6636 0.21876 0.4875 0.5301 0.7931
Age 0.0041 0.7952 0.0138 0.4597 <.0001 0.0009
Lipofuscin Area 0.4103 0.5438 0.5191 0.0396 0.0002 0.2758
Age 0.8607 0.0166 <.0001
Non-PolG 
 [Young, PolG (-/-), Old]
PolG
(+/+)
Exploration of the explanatory power of potential indicators of biological age (Spleen Weight, Mass, and 
Lipofuscin Percent Area) on CA3 normalized Redox Ratio and Lipofuscin content; the effects of the inclusion 
of chronological age as a covariate
Old 
 
Table 4.2: Exploration of the explanatory power of potential indicators of biological age (Spleen 
Weight, Mass, and Lipofuscin Percent Area) on CA3 normalized Redox Ratio and Lipofuscin 
content; the effects of the inclusion of chronological age as a covariate. P values < .05 are 
highlighted in gray to illustrate the effects of the inclusion of age in the model on the significance 
of other variables. Variables that become significant with the inclusion of age in the model are 





Spleen and mass measurements 
 
 Findings in this study are consistent with previous literature which shows low body 
weight and splenomegaly to be telling phenotypic traits in PolG animals (Trifunovic, Wredenberg 
et al. 2004; Dai, Chen et al. 2010; Safdar, Bourgeois et al. 2011). Both heart and spleen in PolG 
animals are enlarged, while several other organs or tissues (brain, subcutaneous fat, skeletal 
muscle, and testis) show atrophy (Dai, Chen et al. 2010; Safdar, Bourgeois et al. 2011). This 
loss is thought to occur via apoptosis, reaching higher levels at earlier ages in PolG mice in 
several tissues (liver, testis, muscle, duodenum, and thymus) with the only tissue not affected 
being the brain (Kujoth, Hiona et al. 2005).  
 
Lipofuscin granule accumulation in the substantia nigra 
 
In our study, we find large lipofuscin granules in the substantia nigra of old animals 
without the PolG mutation. However, given that PolG animals have a maximal lifespan of 
around 15 months, it might be expected that they have lipofuscin granule accumulations similar 
to 30-month-old wild-type animals by that time. However, our results clearly show that not to be 
the case, in fact, the PolG animals do not appear to have any increase in lipofuscin granule 
formation. The disappearance of these granules with the addition of TrueBlack® confirms 
lipofuscin as the source of fluorescence.  
 Past studies of the rate of lipofuscin granule accumulation suggest that it may relate to 
the metabolic rate and lifespan of the species in question (Nakano and Gotoh 1992). Metabolic 
rates measured by heat production and food consumption in PolG mice are also lower, being 
nearly half that of normal mice. Even mice heterozygous for the mutation have lower metabolic 
rates (Dai, Kiselak et al. 2013). PolG mouse embryo fibroblasts have nearly a 95% reduction in 
metabolism (Trifunovic, Hansson et al. 2005). Metabolic rate is not likely higher in PolG animals 
which is consistent with no increased rate in lipofuscin accumulation. If indeed PolG animals 
have lower metabolic rates and a shorter lifespan, a more valid hypothesis might be that they 
would have lower rates of lipofuscin and not greater. Our results provide no evidence for this 
interpretation either, suggesting instead a very comparable, if not identical rate of accumulation 
in PolG and non-PolG mice. Further, we found no impact of variables either across all groups or 
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within groups, that may add information relative to health status (i.e. body weight and spleen 
weight) on the accumulation of lipofuscin granules.  
One caveat to these findings that there may be inadvertent limiting of our observations to 
very large granules. The use of a 4x objective does not permit the clear identification of very 
small granules and the background fluorescence of FAD in live tissue masks dimmer and 
smaller particles. To avoid false identification of brighter regions of the image as granules, 
thresholds for percent fluorescence over baseline were set quite high and granules were limited 
to those larger than 4 pixels. Ultimately, no obvious granules of the size seen in old tissue were 
seen in any other tissue. Imaging at higher magnification or in fixed tissue would improve the 
estimation.  
 
The CA3 normalized redox ratio (hypothesis 2) 
 
 The presence of the PolG mutation showed no evidence of increasing the CA3 
normalized redox potential in the hippocampus. Chronological age alone appears to explain 
most if not all of the CA3 normalized redox ratio. There was little to no impact of variables either 
across all groups or within groups, that may add information relative to health status (i.e., body 
weight, spleen weight or lipofuscin accumulation) in models also including age. Body weight 
became a significant predictor of CA3 normalized redox ratio only after the inclusion of age in 
the model and only in the old experimental group. Interestingly, this association between 
hippocampal redox potential and age was a finding of our previous study, however, the nature 
of the association is now reversed, higher weights now have higher redox ratios rather than 
lower (Stebbings, Choi et al. 2016). The significant association between the percent area 
occupied by lipofuscin and the CA3 normalized redox ratio is inverse, with higher redox 
potentials being associated with less lipofuscin accumulation in PolG animals. Given the low 
sample size (n=5) this result may be spurious.  
 
Possible explanations for the lack of expected changes 
 
  Initially, it was thought that the PolG model might show higher levels of ROS production 
which would make a lack of increase in lipofuscin and redox potential surprising. However, 
foundational studies which originally described the PolG phenotype looked and failed to show 
increases in ROS production (Kujoth, Hiona et al. 2005; Trifunovic, Hansson et al. 2005). Since 
then, a few studies have been published showing suggestions of a marginal increase ROS 
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stress and some role for ROS dysfunction in the PolG phenotype. Methodological differences 
exist between these and initial studies which used whole tissue homogenates rather than 
mitochondrial isolates (Dai, Chen et al. 2010; Safdar, Khrapko et al. 2016). One study showed 
only mild, 19% increases as measured by protein carbonyls (Dai, Chen et al. 2010). At least one 
in vivo study suggests that elevations in H2O2 production exist at the end of the PolG lifespan, 
but not in early life. The same study, however, found no corresponding increase, using the 
same methods in wild-type old animals (Logan, Shabalina et al. 2014). Some reconciliation can 
be reached among these findings due to the fact that H2O2  can fluctuate within levels that do 
not cause oxidative damage (Finkel 2011).         
 Indirect evidence for the role of ROS in PolG aging exists in the form of studies which 
use ROS lowering interventions and look at the resulting effects. PolG mice have been shown to 
have quite dramatic increases in multiple inflammatory cytokines in response to immune 
challenge, which themselves can lead to temporary but large increases in ROS and may 
precipitate the higher rates of apoptosis seen (Logan, Shabalina et al. 2014). In the heart, there 
appears to be indirect evidence that ROS play a role in PolG aging. The hearts of PolG animals 
are normally enlarged at advanced age and show many characteristics of heart conditions 
common to humans such as hypertrophy and fibrosis; overexpression of mitochondrial targeted 
catalase reverses these effects, as well as reducing oxidized protein levels, mtDNA mutations 
and markers of apoptosis (Dai, Chen et al. 2010).        
 Given that lipofuscin granules are ultimately thought to result from the accumulation of 
various cellular components, oxidized by the  most potent ROS (hydroxyl radical), our finding of 
a lack in increase is more consistent with evidence of absence of increased ROS in PolG 
animals or at least absence of the the most potent ROS (Brunk and Terman 2002). There is still 
room, however, for the role of ROS in various aspects of PolG pathology, including brain 
pathology; not all ROS have the same effects and there may be different thresholds of 
sensitivity for different processes in the cell. For example, ROS dysfunction may be significant 
enough for alterations in stem cells and apoptotic pathways, but without the generation of the 
most reactive ROS, the hydroxyl radical, these processes may not ultimately result in increased 
levels of lipofuscin (Brunk and Terman 2002; Ahlqvist, Hamalainen et al. 2012). 
 
CA3 normalized redox ratio  
 
   It is possible that the lack of increase seen in the hippocampal redox ratio may be due 
to the same minimal increase in ROS stress described above. However, the ultimate causes of 
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the increase in redox potential with age in hippocampal CA3 regions are not known.   
It is possible changes seen in the redox ratio of CA3 are partially or completely a result of 
apoptosis in response to the stress of the slicing procedure. Given that the prevailing theory for 
the advanced aging phenotype in PolG animals is its increased susceptibility to apoptosis, one 
would expect PolG animals to be more susceptible to processes which can trigger apoptosis, 
such as excitotoxic cell death from hypoxia. To the extent that sensitivity to apoptosis 
contributes to the redox status of the hippocampus, our results would suggest that the brain is 
somehow more resistant to mitochondrial DNA mutation originated apoptosis. It is interesting 
that in previous studies, the brain was the only tissue tested which showed no increase in 
apoptosis in PolG animals (Kujoth, Hiona et al. 2005). Virtually no work has been done on 
apoptosis levels in brain subsequently. These studies are limited to neural stem cells derived 
from PolG mice and show decreased self-renewal relative to controls, which can be reversed 
with the addition of the antioxidant n-acetylcysteine to neural cultures, suggesting that ROS 
signaling may have some involvement in the dysfunction of stem cells (Ahlqvist, Hamalainen et 
al. 2012). To our knowledge, no studies of brain function or complex behavior exist in the PolG 
model of aging, so the most important downstream process of PolG mitochondrial dysfunction in 
the brain-behavioral output- remains unknown. 
 No conclusive reason for the lack of expected ROS production has been given. Doug 
Wallace et al. has put forth the hypothesis that this lack of increase in ROS production may be 
due to the random nature and even distribution of mtDNA mutations and their resultant proteins 
in PolG mice. Unlike situations where a particular protein, such as Complex I-IV, may be 
mutated and cause a backup of electrons and elevations in NADH (with resulting ROS 
production), an even distribution might cause a more uniform slowing of electron flow, but no 
backup (Guarente, Partridge et al. 2008). No experimental or modeling evidence exists to 
support this theory. 
 
Conclusions and future directions 
 
 Overall, our results show no evidence that brain aging in the PolG model is 
commensurate with body aging. We also show no effect of various secondary indicators of 
health on the CA3 normalized redox ratio, indicating that it appears to be a phenomenon almost 
purely driven by chronological age. Given that the cutting procedure itself likely imposes some 
type of damage, which may be seen as more oxidized redox potentials, it may be that PolG 
mice are also not more sensitive to this type of perturbation. However, most of the methods 
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employed here depend one way or another on redox status, as this was the intended question 
to be asked. Our findings are consistent with other literature that suggests no evidence of 
increased redox stress in PolG mice. Many other biomarkers of aging exist, to the extent they 
differ from approaches based in redox, they may show results different than those shown here. 
 Although mouse models of aging are sorely needed to accelerate the timeline of aging 
studies it is clear that the results from these models should not be over-generalized and that 
some models may not be ideal for some applications or at all. It is clear from this study and 
others that the dramatically increased rates of mDNA mutation point mutations generated in 
PolG mice are not sufficient to recapitulate all characteristic findings of aging in all tissues. 
Others have pointed out the particularly telling example of heterozygous PolG mice which may 
have nearly 500 times the mtDNA mutation rates of wild-type without suffering a diminished 
lifespan (Vermulst, Bielas et al. 2007). Indeed, the PolG model has not turned out quite as 
expected by those interested in the mitochondrial theory of aging and as of yet, only theoretical 
attempts have been made to explain why it fails to show ROS increases as many expected 
(Loeb, Wallace et al. 2005). Nevertheless, the data are fairly clear that the prediction that 
mitochondrial dysfunction would be in a sense self-perpetuating or autocatalytic, leading to 
advanced aging, has not been clearly born out (Vermulst, Bielas et al. 2007).   
 Despite the somewhat underwhelming utility of PolG mice as a model of aging, it should 
be remembered that evolutionary theory predicts an almost limitless number of variables and 
interactions that contribute to the aging process, even if metabolism can accelerate or put the 
brakes on many of these processes. That the PolG model replicates so many features of aging 




  Future studies should look at where the PolG model does most strongly resemble 
normal aging and where it does not. Where such findings diverge gives fundamental and 
ultimately highly specific insight into how the mechanisms of aging may differ in different 
tissues. Our results and the limited results of others suggest that the brain may be somewhat 
resistant to the specific mechanisms of dysfunction in the PolG mouse. Given that our results 
are so closely tied in with redox dysfunction and that there is already evidence against its 
increase in various tissues, other methodologies should be employed to study the PolG brain. If 
the brain still fails to display other indices of aging, less obviously related to redox biology, then 
this resistance actually becomes one of the more interesting avenues of research in the PolG 
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model. What is it about the brain that would protect it, rather than other tissues, from PolG 
related mitochondrial dysfunction and what does this say about aging in the brain in general? 
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CHAPTER 5: SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 
 
Aging - not just another scientific problem 
  
 Aging seems to bring the nearly infinite complexity posed by most scientific problems to 
a new level. Insofar as aging is dysfunction in the everyday functioning of biological systems - 
dysfunction which increases the likelihood of death over time - aging encompasses virtually 
every process in the body. In a sense, it is an antithesis to the whole of life’s processes. Are 
there any constants in the chaos, any pattern to the dissolution of order? In the following, I 
discuss lessons learned from my own work and suggest potential future directions in the field of 
aging research. 
 
5.1 CONCLUSIONS AND SUMMARIES  
 
 The first study, Chapter 2, was an exploration of the effects of aging on inhibition in the 
auditory system using metabolic imaging to quantify neural activity. In Chapter 3, we mostly left 
the auditory system to focus and describe a brain area seemingly more sensitive to age-related 
dysfunction, the hippocampus. The final chapter, which uses the PolG model, can be seen as 
one attempt to isolate and study the role of mitochondrial dysfunction on brain aging, and to see 
if the PolG model could be used as a model of brain aging at all. 
 The study results presented here recapitulate a single running theme, that the most 
potent predictor of aging-related pathology in our hands was simply chronological age itself. 
Numerous attempts were made in each chapter to study alternate indicators which might more 
directly indicate biological age (cortical thickness, hearing threshold) or that may carry useful 
information about health at the end of life (body mass, spleen weight). In most cases, age was 
the best predictor of the responses seen and attempts to improve the predictive value of models 
by including other variables were largely unsuccessful. One exception to this general finding 
was when older animals were separated out and body mass was used as a predictive variable. 
We conclude, therefore, that chronological age, with all the various processes that occur 
alongside it, is generally the strongest general predictor of aging-related changes. One might 
think of chronological age as cumulating very large numbers of very small changes or errors of 





 Chapter 2 attempted to disentangle the effects of pure aging and hearing loss on known 
declines in GABAergic inhibition seen in the auditory cortex of mice. In this case, we intended to 
have 2 groups from the outset, young and old, but ended up with some middle-aged animals. 
Therefore, throughout the paper effects were examined primarily by treating age as a 
categorical rather than continuous variable. We used the CBA/CAj strain of mice due to their 
more gradual hearing loss which more closely resembles the metabolic based hearing loss 
found in humans (Gates and Mills 2005; Ohlemiller 2009). Hearing loss and cortical thickness 
were measured as alternative, independent variables to age.  
 To isolate the auditory cortex from other brain regions, we employed a brain slice 
preparation. The role of inhibition was assessed using the drug SR95531 to block GABAA 
receptors. Afferents from the MGB were stimulated electrically at a range of stimulus amplitudes 
and the resulting neural activation was quantified by the rise in FAD fluorescence as FADH2 
oxidized with energy turnover in the cells. The response to stimulation fit a 4 parameter 
sigmoidal function in all cases and the extracted parameters of this function (maximum, EC50 
and slope) were compared to assess the effects of aging and drug treatment on cortical 
response properties. Initially we looked at the difference in maximal activation; first at baseline, 
then with inhibition blocked by SR95531. Young animals increase their activation significantly 
more than old animals when inhibition was removed, suggesting lower levels of endogenous 
inhibition in old animals. Ultimately, these metrics of increase rely on metabolism. Some of 
these metrics, in particular the maximal percent above baseline activation in the presence of 
SR95531, were highly and linearly correlated with age, which raises the question of whether 
they share a common mechanism with our later measures in the hippocampus. Differences 
were also seen in the EC50s and slopes between young and old groups at baseline; these 
effects were generally removed with the addition of SR95531. EC50 and slope variables should 
be less metabolically based and may be generated by fundamentally different physiology, which 
could explain why they remained uncorrelated with age, cortical thickness, or hearing level 
variables despite their being highly different by age group. We further used redox imaging to 
show that differences in our experiments were unlikely due to differences in the health of old 
and young tissue. 
Ultimately, this study showed a variety of age-related changes likely consistent with 
declines in inhibition and exposed the difficulties of using post-hoc statistics to test for 
differences in the effects of highly correlated variables such as age and hearing loss. Although 
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certain variables, such as cortical thickness, appeared to better explain some results, it was also 
very poor at explaining others. No single variable consistently explained all results. We 
concluded instead that if the effects of hearing loss and aging were to be separated, future 
experiments would have to involve deafening animals of a similar age, an approach which is 
somewhat complicated by the normal hearing loss found in older animals. Known changes in 
the GABAA receptor subunit composition with age, also complicated the use of SR95531 which 
may have a different binding affinity to different subunits and further illustrates the difficulty in 
aging studies of simultaneous changes with the potential to confound each other. 
In Chapter 3 we looked more closely at differences in the redox potential in multiple 
areas of the brain between old and young brain slices. The motivation for this reinvestigation 
was to quantify a highly conspicuous elevation in the redox ratio in the hippocampus. We looked 
at this effect in multiple regions of the hippocampus (CA1, CA2, CA3 and the dentate gyrus) as 
well as other regions of the brain such as the auditory cortex and auditory thalamus (MGB). No 
baseline differences were seen except in the CA regions of the hippocampus. These differences 
were more evident when the redox ratio in the CA regions was normalized to adjacent tissue 
within the slice. This normalized redox ratio, particularly in the CA2 and CA3 regions of the 
hippocampus, proved to be extremely well and linearly correlated with age, with weaker 
associations to cortical thickness and hearing threshold, yet with no association to body weight. 
We did not find that cortical thickness or hearing threshold contributed to the prediction of the 
CA3-CA2 normalized redox ratio beyond age alone, probably due to their high correlation with 
age. However, body weight did improve predictions of both the CA3-CA2 normalized redox ratio 
and age, due to a significant relationship in old animals. Interestingly, body weight was also 
highly associated with hearing threshold in old animals. Given the literature showing the benefits 
of caloric restriction and the problems associated with excess body weight in humans, the 
opposite relationship might have been expected: heavier rather than lighter older animals would 
have worse measures of hearing and more old-like CA2-CA3 normalized redox ratios. However, 
there is also literature showing that body weight declines sharply in humans and mice at the 
very end of life, which suggests that lighter mice may have more advanced aging and be closer 
to death. The basic finding of Chapter 3 was that the CA2-CA3 hippocampal redox ratio is highly 
and linearly correlated with age while the redox ratio in several other brain areas shows no 
relationship at all. Thus this area may be particularly sensitive to aging and useful to examine in 
future studies of brain aging, especially those which attempt to reverse aging. We also 
concluded that body weight might have predictive value for pathology beyond chronological age, 
but only in older mice. Other variables which were more highly correlated with chronological 
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age, such as cortical thickness and hearing threshold, did not contribute to models which 
already included age. 
 In Chapter 4, we set out to try an approach which attempted to minimize some of the 
difficulties encountered in our previous work as well as set up opportunities for future work. As 
previously noted, the multitude of changes with aging raises the likelihood that any interventions 
(particularly drug interventions) may be somehow confounded. By using a mouse model of 
aging which is generated by a single dysfunction, in this case the PolG mitochondrial mutator 
mouse, results can ultimately be related back as effects of that mutation and mitochondrial 
dysfunction. Intriguingly, aging in the PolG mouse had also already been shown to be largely 
reversible with forced exercise, with the proposed enhancements occurring through 
improvements in mitochondrial function (Safdar, Bourgeois et al. 2011). The benefits of exercise 
on body and brain function are well known, but the mechanisms of improvement of brain 
function given its isolation from the periphery are a source of intense debate and inquiry. 
 If advanced aging in the brains of PolG mice could be demonstrated, and exercise could 
reverse these changes through changes in mitochondria, the model could become very useful in 
the investigation of how exercise might prevent brain aging and would immediately suggest a 
role for mitochondria. 
 Given the potent correlation between the CA3-CA2 normalized redox ratio and age and 
the lack of data regarding aging rates in PolG brain tissue, a logical first step was to see if the 
redox ratio was elevated at an increasing rate, in proportion to the PolG lifespan. However, 
contrary to expectation, we showed that although PolG mice undergo weight loss and splenic 
enlargement preceding early death, their rate and level of brain aging as measured by 
hippocampal redox status and other indicators of aging is not accelerated. Lipofuscin granule 
accumulations, which may be an indirect indicator of lifelong ROS stress, also showed no 
difference from controls. Along these metrics, PolG mice look exactly like their wild-type 
counterparts with no evidence at all of advanced aging. Unless another metric of aging, different 
from the ones we employed, showed an accelerated rate of brain aging, we conclude that the 
PolG model may not be a useful model for brain aging. 
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Interpreting negative results in the PolG model 
 
 On the other hand, these results suggest some surprising conclusions. The broad 
conclusion is that different tissues of the body may not have the same sensitivity to increasing 
mitochondrial DNA mutation load: specifically, the brain may have a lower sensitivity. This 
conclusion was opposite to our expectation and likely opposite to the expectation of most 
investigators. The more narrow conclusion would be that the PolG mutation specifically, and any 
consequent dysfunction it produces, does not produce the effects in the brain that resemble 
normal brain aging. 
 
5.2 SIMPLIFYING THE COMPLEXITY OF AGING 
 
Clearly, there is a need to simplify the study of aging by refining it down to its most core 
processes. The field has recognized this need for some time. Damage to DNA and the resulting 
myriad consequences that this creates has long been suspected as an ultimate cause of aging, 
but the field has taken a very long time to settle in on any single aging paradigm (Strehler 1977). 
With the advent of simpler mouse knockout technologies and cheaper sequencing methods, it 
became easier to examine the DNA damage hypothesis. The current framework, however, 
seems largely focused on accumulated DNA damage as the cause.  
 There are numerous mouse knockout models that recapitulate many features of aging 
by targeting genes involved somehow in the maintenance of DNA, including the PolG model 
that we used (Lombard, Chua et al. 2005; Koks, Dogan et al. 2016). The majority of single gene 
mutations known to extend life appear to do so by interfering with insulin signaling and resulting 
growth rates. In a sense, they slow down life (Guarente, Partridge et al. 2008). SIRT6 is one of 
the few genes not directly part of the insulin system which shows both increased and decreased 
aging when knocked out or overexpressed (Kanfi, Naiman et al. 2012). Overexpression of 
catalase also marginally increases the lifespan of mice, possibly by the reduction of mtDNA 
damage due to lower levels of ROS (Schriner, Linford et al. 2005). 
 That there are so many mouse models which show certain types of age-related declines 
is not surprising; after all, any process which causes various types of stress or damage will likely 
exhaust the rejuvenative capacities of tissues. That there are single gene mutants that can 
extend lifespan is far more interesting. 
 However, there is still a considerable problem of how to study genetic changes that 
might extend lifespan in any sort of efficient manner. It would take nearly one post-doc lifetime 
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simply to gather the data for one such study. Waiting for large cohorts of mice to die is an 
expensive and time-consuming proposition. If, on the other hand, a new metric could be 
developed that gave an extremely accurate portrayal of the biological age of an animal, this 
metric could be assessed well before the death of the animal, significantly shortening these 
studies. 
 
A common way of measuring aging to test interventions and results 
 
 Methods have recently been developed which look at rates of methylation in a large 
number of locations (353) in the human genome and predict chronological age with a median 
error of 3.6 years (Horvath 2013). Studies using this metric have exploded since its publication. 
Deviations (residuals) from expected chronological age predict all-cause mortality and a variety 
of physical indexes, including cognitive fitness (Marioni, Shah et al. 2015; Marioni, Shah et al. 
2015; Chen, Marioni et al. 2016)). This clock calculation is accelerated by a wide variety of 
pathology, including metabolic syndrome, Huntington’s (in brain), and Down’s syndrome (in 
blood) (Horvath, Garagnani et al. 2015; Horvath, Langfelder et al. 2016; Quach, Levine et al. 
2017). 
Ultimately, these findings suggest it may be necessary to monitor many more biological 
markers than we are able to measure in these simple studies to obtain an index of true 
biological age that is superior to chronological age. They also recapitulate my earlier assertion 
that any pathology may accelerate other markers of aging, simply by the universal stress it 
places on common mechanisms of tissue repair. 
 Hopefully as the throughput of biological technologies, particularly in DNA sequencing 
and methylation analysis, increase, markers of true biological age can be more accurately and 
easily assessed. This would facilitate interventional experiments that monitor the aging process 
well enough that animals would not have to live a full lifespan to provide the requisite 
information. With luck, the results of such experiments will lead not just to an increase in 
lifespan of individuals, but their healthspan as well.  
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